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Resum 
Els plàstics no degradables són un greu problema mediambiental.  L'ús de recursos vius per produir 
plàstics biodegradables podria ser una possible solució. Els polihidroxibutirats (PHB) que són polímers 
amb propietats similars al polipropilè  i el glicogen, que pot convertir-se en bioetanol, son produïts per 
els cianobacteris i altres microorganismes. Els cianobacteris tenen l'avantatge d'acumular aquestes 
substàncies utilitzant només CO2 i energia solar. El tractament d'aigües residuals es podria utilitzar com 
a medi de cultiu per cianobacteris per tal de reduir els costos de producció dels bioplàstics. 
 
Els principals objectius d’aquest treball han estat estudiar l’ús dels cianobacteris com a tractament 
terciari en les aigües residuals, l'efecte de les limitacions de nutrients i les hores de llum en l'acumulació 
de PHB i glicogen, i la millor manera d’operar un reactor per seleccionar cianobacteris davant algues 
verdes. 
S’ha aconseguit eliminar el 64,8% del nitrogen i el 70,5% del fòsfor provinent del tractament secundari 
i el digestat. Demostrant la capacitat dels cianobacteris per eliminar contaminants. Una concentració 
màxima de glicogen de  838 mg/L s’ha obtingut en condicions de limitació de nitrogen i 12h de llum i 
una de PHB de 104,2 mg/L en condicions de limitació de fòsfor i 24h de llum. Per tan es pot concloure 
que la limitació de nitrogen te més efecte en l'acumulació de glicogen, i la de fòsfor en la de 
PHB. Tanmateix, segons el Key performance indicator (KPI) econòmic definit, els beneficis obtinguts no 
justifiquen les despeses en il·luminació. Finalment, es pot dir que les condicions de cultiu òptimes són 
limitació de fòsfor i il·luminació durant 12h diàries.  
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Resumen 
Los plásticos no degradables son un grave problema medioambiental. El uso de recursos vivos para 
producir plásticos biodegradables podría ser una posible solución. Los polihidroxibutirats (PHB) que 
son polímeros con propiedades similares al polipropileno y el glucógeno, que puede convertirse en 
bioetanol, son producidos por las cianobacterias y otros microorganismos. Las cianobacterias tienen la 
ventaja de acumular estas sustancias utilizando sólo CO2 y energía solar. El tratamiento de aguas 
residuales se podría utilizar como medio de cultivo para cianobacterias para reducir los costes de 
producción de los bioplásticos. 
Los principales objetivos de este trabajo han sido estudiar el uso de las cianobacterias como 
tratamiento terciario en las aguas residuales, el efecto de las limitaciones de nutrientes y las horas de 
luz en la acumulación de PHB y glucógeno, y la mejor manera de operar un reactor para seleccionar 
cianobacterias ante algas verdes. 
Se ha conseguido eliminar el 64,8% del nitrógeno y el 70,5% del fósforo proveniente del tratamiento 
secundario y del digestado. Demostrando la capacidad de las cianobacterias para eliminar 
contaminantes. Una concentración máxima de glucógeno de 838 mg / L se ha obtenido en condiciones 
de limitación de nitrógeno y 12h de luz y una de PHB de 104,2 mg / L en condiciones de limitación de 
fósforo y 24h de luz. Por lo tanto se puede concluir que la limitación de nitrógeno tiene más efecto en 
la acumulación de glucógeno, y la de fósforo en la de PHB. Sin embargo, según el Key performance 
indicator (KPI) económico definido, los beneficios obtenidos  no justifican los gastos en iluminación. 
Finalmente, se puede decir que las condiciones de cultivo óptimas son limitación de fósforo e 
iluminación durante 12h diarias. 
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Abstract 
Non-degradable plastics are a serious environmental problem. The use of living resources to produce 
biodegradable plastics could be a possible solution. Polyhydroxybutyrates (PHB), which are polymers 
with similar properties to polypropylene, and glycogen, which can be converted into bioethanol, are 
produced by cyanobacteria and other microorganisms. Cyanobacteria have the advantage of 
accumulating these substances using only CO2 and solar energy. Wastewater treatment could be used 
as a culture medium for cyanobacteria to reduce the bioplastics production costs. 
The main objectives of this work are to study the use of cyanobacteria as tertiary wastewater 
treatment, the effect of nutrient limitations and light hours on the accumulation of PHB and glycogen, 
and the best way to operate a reactor to select cyanobacteria against green algae. 
It has been possible to eliminate 64,8% of the nitrogen and 70,5% of the phosphorus coming from the 
secondary treatment and the digestate. Proving the ability of cyanobacteria to remove contaminants. 
A maximum glycogen concentration of 838 mg / L was obtained under nitrogen limitation and 12 h 
light conditions and a PHB of 104,2 mg / L under phosphorus limitation and 24 h light conditions. 
Therefore, it can be deduced that nitrogen limitation has more effect on glycogen accumulation, and 
phosphor on PHB. However, according to the defined economical Key performance indicator (KPI) the 
product benefits do not justify the lighting expenses. Finally, it can be said that the optimal cultivation 
conditions are limitation of phosphor and 12h light per day.  
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1. Introduction 
Plastics have become one of the most widely used materials over the world, their applications are 
universally important: they are found in automobiles, home appliances, computer equipment, 
packaging, medical applications and in other multitude of objects and utensils of common use. It 
has been estimated that more than 100 million tonnes of plastics are produced every year 
worldwide and 60 kg per capita are consumed in Europe. 40% of the produced plastics are discarded 
to landfill and several hundred thousand tonnes into marine environments [1] accumulating in the 
global environment at a rate of 25 × 106 t per year provoking serious threats to the solid waste 
management program [2]. So, today demand for biodegradable plastics has become one of the 
most important targets in current research. In the early 1920s, Lemoigne a microbiologist at Pasteur 
Institute in Paris isolated a polymer from Bacillus megaterium by chloroform extraction and 
demonstrated that it was a polyester of 3-hydroxybutyric acid. Later, it was found that PHB is only 
one type in a huge family of polymers collectively known as polyhydroxyalkanoates (PHA). Among 
the 150 different types of polyhydroxyalkanoids identified so far, PHB is the more widespread 
homopolymer in different taxonomic group of prokaryotes including cyanobacteria. The PHB 
properties including thermoplastic process ability, absolute water resistance and biodegradability 
makes PHB a good option to substitute common plastics such as polypropylene. The main drawback 
of these bioplastics are they high production costs compared to the petroleum derived plastics. 
Cyanobacteria can be an alternative host system due to their minimal nutrients requirements, as 
they are photosynthetic microorganisms. Cyanobacteria have the capacity of accumulate PHB 
under photoautotrophic conditions, this means that they have the ability to convert carbon dioxide, 
a greenhouse gas, into environmentally friendly plastics just with sunlight energy [2]. Another way 
to reduce the costs associated with PHB production, could be using cyanobacteria born in 
wastewater. Substrates found in waste water could be used as a feed, considerably reducing the 
production costs. However, the problem of using wastewater to growth cyanobacteria is the 
competition with green algae [3]. 
Cyanobacteria can not only accumulate PHB but also other interesting compounds such as 
carbohydrates in the form of glycogen, which can be converted into bioethanol by means of 
bacterial fermentation or sacarification processes.  
Cyanobacteria, besides solar energy and carbon dioxide, need nutrients, such as nitrogen or 
phosphorus for their growth. If a nutrient is limited or omitted from the cultivation medium, they 
change their metabolic strategies resulting in a higher accumulation of interesting metabolites such 
as carbohydrates or PHB. 
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1.1. Project Objectives 
The objectives set for this project are: 
 To conduct a bibliographic revision on wastewater treatment, cyanobacteria production of 
glycogen and PHB and types of photobioreactors used in cyanobacteria cultures. 
 To check the possible use of a 30L photobioreactor to grow wastewater-born 
cyanobacteria, as well as in the tertiary wastewater treatment.  
 To investigate the effect of nitrogen and phosphor limitation and light hours in the 
production of PHB and glycogen in a mixed cyanobacteria culture. 
 To study which reactor operation best select cyanobacteria increasing thus the 
accumulation of PHB. 
1.2. Project scope 
The purpose of this project is to find cyanobacteria cultivation conditions that allow to reduce the 
bioplastics production costs while increasing the cyanobacteria PHB productivity, in order to 
facilitate the transition towards industrial application. One possible way to reduce the production 
costs is the valorisation of the biomass used to treat wastewater. With this strategy nutrients for 
cyanobacteria cultivation will be extracted from wastewater treatment processes, which is in many 
industries anyway necessary. Thus, the sub-products of this treatment will be revalorized. 
Furthermore, it should be taken into account that cyanobacteria are photosynthetic 
microorganisms that fix CO2, so the use of this process should be seen as a carbon capture and 
storage (CCS) technology.  
In order to become closer to the industrial application of this systems, in this project three main 
experiments have been done. First, a study of the use of high rate algae ponds as a wastewater 
treatment process and the possibility of using a closed photobioreactor as a tertiary treatment and 
to cultivate cyanobacteria was done. After that different nitrogen and phosphorus limitations and 
light conditions were tested in order to find how nutrient limitation and light conditions affect PHB 
and glycogen accumulation on wastewater born cyanobacteria. Furthermore, different reactor 
operation have been studied in order to select cyanobacteria in a mixed culture.  
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2. Wastewater treatment 
In this section a short review of the conventional methods used for waste water treatment will be 
done. Thereafter, the treatment used for this project, the high rate algae ponds will be explained. 
2.1. Conventional wastewater treatment 
Conventional wastewater treatment consists of a combination of physical, chemical, and biological 
processes and operations to remove solids, organic matter and, sometimes, nutrients from 
wastewater. The wastewater treatment process is divided into levels depending on the degree of 
treatment. The levels are pretreatment, primary, secondary, tertiary and advanced treatment.  In 
Figure 1 there is an scheme of the conventional wastewater process[4].  
 
Figure 1. Conventional wastewater treatment process [5] 
a) Pretreatment 
The aim of the pretreatment is to remove coarse solids and other large material often 
found in wastewater. This material removal is needed for the correct operation and 
maintenance of the subsequent treatment units. Pretreatment operations typically include 
coarse screening, grit removal and, in some cases, large objects removal [4].  
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b) Primary treatment 
The objective of the primary treatment is to remove the sedimentary organic and inorganic 
solids by sedimentation and skimming (elimination of materials that float). In this 
treatment step it is eliminated about 25-50% of the biochemical oxygen demand, 50-70% 
of the total suspended solids and 65% of the oil and grease. The primary treatments are 
done in sedimentation tanks or clarifiers (Figure 2), which may be round or rectangular with 
3 to 5 m deep and with and hydraulic retention time of 2 or 3 hours. Settled solids are 
normally removed by the action of rakes which scrape the solids to the bottom of the tank 
where they are pumped to sludge processing units. Some of the sludge treatment used in 
big sewage plants is anaerobic digestion. In the digestion process anaerobic bacteria 
metabolize the organic material in sludge converting it into biogas and digestate. The 
biogas is composed by CH4, CO2, H2, H2S, being methane the major component, so it could 
be used as a combustible, and digestate which is a mixture of mineral components (N, P, K, 
Ca) (See 6.1.1.1 Anaerobic biodigester). Thereby, the volume for the ultimate sludge 
disposal is reduced and the sludge is stable at the same time that biogas is generated [4].  
 
 
Figure 2. Sedimentation tank 
c) Secondary treatment 
The aim of the secondary treatment is the removal of organic residual and suspended solids 
of the effluent from primary treatment. In most cases secondary treatment uses biological 
treatment process. Aerobic biological treatment is performed in the presence of oxygen by 
aerobic microorganisms that metabolize the organic matter in wastewater thereby the 
microorganisms population grow and the organic matter is converted into inorganic end-
products (CO2, NH3 and H2O). The microorganisms used in this treatment step must be 
separated from the treated water. This is done by sedimentation tanks as in primary 
treatment. The solid removed, usually called secondary biological sludge, are normally 
combined with those from primary treatment and processed the same way [4]. 
There are several aerobic biological processes used for secondary treatment. The main 
difference is how the oxygen is supplied and the rate at which the organic matter is 
metabolized [4].  
Effect of nutrient limitation and light in the production of polyhydroxybutyrates and glycogen by cyanobacteria cultivated 
in wastewater   
  7 
a. Activated sludge: Consist in an aeration tank containing a suspension of 
wastewater and microorganisms. The tank content is mixed by aeration devices 
which also supply the oxygen to microorganisms. Aeration devices are commonly 
submerged diffusers that release compressed air. The normal hydraulic retention 
time is between 3 to 8 hours. A portion of the biological sludge is recycled to 
maintain a high mixed-liquor and the remainder is removed to sludge treatment.  
b. Trickling Filters: They consist of a basin or tower filled with support media such as 
stones, plastic or wooden salts. The microorganisms remain in the media and form 
a biological layer. After that, the organic matter in the water pass through the film 
and the biological layer metabolize it. Oxygen is supplied by the natural air flow. 
Periodically, part of the biofilm is removed from the media to maintain a correct 
thickness.  
c. Rotating biological contactors (RBCs): Are fixed-film reactors in which organisms 
are fixed to slowly rotating discs that are partially submerged in flowing 
wastewater. Oxygen is supplied from the air when the film is out of the water and 
from the liquid, which have dissolved oxygen due to disc rotation, when 
submerged  
 
 
Figure 3. a) Aeration tank, b) trickling filters, c) Rotating biological contactors 
d) Tertiary treatment 
It is used when specific wastewater constituents which cannot be eliminated by secondary 
treatment must be removed. This treatments are needed to remove nitrogen and phosphorus 
compounds, additional suspended solids, heavy metals and dissolved solids [4].  
2.2. High rate algae ponds 
The high rate algae ponds are used as a secondary wastewater treatment. They consist in a race-
way pond that usually have a paddlewheel that provides mixing at a horizontal velocity of 
approximately 0,15-0,3 m/s. The configuration could be done in a unique loop or multiple loops 
around central division walls. CO2 could be injected in counter current or just use the CO2 produced 
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by the heterotrophic bacteria [6]. The microalgae that grow in the pond provide oxygen to 
heterotrophic microorganisms that degrade the organic residues. The algae used in the wastewater 
treatment could be reused in order to feed animals or to generate biofuels. This kind of system are 
much simpler to use and cheaper than other methods such as activated sludge [7], although they 
need much more land taking into account the biological oxygen demand (BOD) that they can 
remove[6]. 
 
Figure 4. Picture of the high rate algae pond used in this project and scheme of a HRAP [6]. 
The efficiency of this process is related to the photosynthetic activity that causes variations in the 
dissolved oxygen and the pH. At midday the concentration of oxygen in water is high because of 
the high sun intensity. The concentration could exceed 20 mg/L and pH 11 due to the 
photosynthesis where CO2 is consumed increasing the pH and oxygen is released rising the 
dissolved oxygen concentration [6]. Nevertheless, at night those parameters could take low values, 
even anoxic values. At night the aeration process is mainly due to the diffusion between 
atmosphere and the pond, but this is not enough for the aerobic microorganism, causing low 
process efficiency [7]. Therefore the good or bad functioning of the high rate algae pond is really 
dependent on the environmental parameters such as light energy, temperature, pH, dissolved 
oxygen and nutrients [7].  
 Light intensity: light is one of the most important parameter affecting the whole system 
operation as it is the energetic source necessary by the microalgae system to do the 
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photosynthesis. However, high light intensities could even cause photo inhibition, which 
damage the light receptors of algae decreasing the photosynthetic rate [6]. The high 
biomass content can cause that the light just arrives up to the first 0.15 m, for that reason 
it is necessary to use a paddlewheel to mix the culture and ensure that all the algae biomass 
receives light.  
 Temperature: biologic reactions, algae species and physical chemistry parameters, such as 
pH, electric conductivity, gas solubility and alkalinity are temperature dependent. The 
optimum temperature in microalgae cultures is between 20 and 24 ᵒC. Temperature lower 
than 16 ᵒ C causes a low growing rate and temperature higher than 35 ᵒ C causes algae death 
for many species.  
 pH: The pH affects the biochemical processes related to the algae growth including the CO2 
availability. The CO2 dissolution is high pH dependant. The CO2 in contact with water is 
transformed into carbonic acid and then in carbonate and bicarbonate. Depending on 
which is the pH of water the chemical compound will change. The optimum pH is around 
8. In the following chemical reaction it can be seen the chemical equilibrium of CO2 and the 
equilibrium constants at 25 ᵒC [8]. 
 
CO2 + H2O↔H2CO3 ↔H+ + HCO-3 ↔ 2H+ + CO32- 
 
pKH = 1,47 
pKa1=3,6 
pKa2=10,33 
 
(Eq. 1) 
 
 Dissolved oxygen: during the day high levels of dissolved oxygen could be achieved, this 
levels could even cause bacterial oxidation and affect the algae productivity.  
 Nutrients: the critical nutrient necessary for algae growth are nitrogen compounds. 
Wastewater provide the necessary nitrogen for algae growth. 
 
Pkh pKa1 pKa2 
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3. Cyanobacteria 
Cyanobacteria are microorganism of the domain bacteria. Nevertheless, as they are photosynthetic 
prokaryotes they are sometimes considered as algae (blue green algae) [9]. What makes the 
differences between bacteria and algae is that bacteria are prokaryote and algae are all eukaryote. 
The main distinction of cyanobacteria with respect to another bacterial type is that they are 
photosynthetic organisms. Cyanobacteria are the oldest photosynthetic organisms on earth. They 
were originated between 2,6 – 3,5 billion years ago. It is though that the photosynthetic organelle 
in eukaryotes was created due to endosymbiosis with cyanobacteria. So it could be said that they 
are the predecessor of the whole plant kingdom. They exist in many different forms, such as 
unicellular, filamentous, planktonic, colonial, etc. They can grow in different ecological habitats 
(marine, freshwater, terrestrial). Cyanobacteria capacity to fix carbon dioxide thanks to 
photosynthesis makes them really interesting microorganisms for the industrially and 
environmentally friendly production of different chemicals and biofuels, in front of heterotrophic 
bacteria which requires of more complexes media. Furthermore, they are really efficient in the 
conversion of sunlight into biomass compared with plants [10]. They have three modes of growth, 
photoautrophic, mixotrophic and heterotrophic. In presence of light, the photoautotroph mode is 
exploit and CO2 is used as a carbon source and light as energy. In the heterotrophic mode they 
obtain the carbon from organic sources. And in the mixotrophic conditions they are able to use at 
the same time inorganic and organic carbon in presence of light. This represents an advantage over 
just photoautotroph or heterotroph organisms [11].  
In this section a review on the microorganisms capable of accumulating PHB, paying attention on 
the cyanobacteria will be done. An explanation of the cyanobacteria metabolic pathways to 
accumulate PHB and glycogen will be also done in order to understand how different nutrient 
starvation could affect the glycogen and PHB production.  
 
3.1. Microorganisms that accumulate PHA 
There are more than 250 different polyhydroxyalkanoates (PHA) producers [12]. PHA is found in 
heterotrophic bacteria, archaea, cyanobacteria and plants. Heterotrophic bacteria have the 
advantage that are easily cultivated for massive production [13]. The more used kind of bacteria 
are gram-negative bacteria for its great production amounts in front of gram-positive bacteria [14]. 
Archaea are considered as extremophiles, the unique archaea reported to be capable of storing 
PHA are haloarchaeal species, so salt is needed to sustain their growth [14]. The first case of PHA 
accumulation by archaea was reported in 1970 in the Dead Sea by Halobacterium marismortui. PHA 
has also been found in plants as membrane constituents, their functions in plants seems to be 
voltage-gated calcium channels or DNA transport protection of the macromolecules [1]. In the case 
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of cyanobacteria they have the advantage of being photosynthetic microorganisms, so their 
nutrients requirements are even lower than those from heterotrophic bacteria, so the production 
cost could be drastically reduced by using these microorganisms. Furthermore, they contribute to 
CO2 fixation. The problem of cyanobacteria is that its PHA accumulation rate is low in comparison 
with heterotrophic bacteria. Although it is generally though that PHA is used as a carbon storage 
compound, its function in cyanobacteria is not really clear as they have glycogen as energy storage 
and it is unlikely that both macromolecules are used for the same purpose. 
It is thought that PHB could be a specific energy storage for the amino acids, chlorophyll and 
carotenoids synthesis. PHB could also act as a sink of electrons as it is a reduced molecule [15]. Or 
also as a mechanisms to decrease the excess of reducing equivalents [16]. 
In Table 1 there is a summary of the more important PHB producers of each of the microorganisms 
domains, the carbon source used to feed them and the PHA concentration that has been reported.  
Table 1. Most important microorganisms capable to store PHA  
Microorganisms Carbon source 
PHA 
content (%) 
Reference 
Gram negative heterotrophic bacteria 
Azohydromonas australica Malt waste 70,1 [17] 
Azohydromonas lata 
Sucrose 50-88 [18][19][20] 
Fructose, glucose 76,5-79,4 [21] 
Burkholderia cepacia 
Xylose 58,4 [22] 
Glycerol 31,3 [23] 
Fructose, glucose, sucrose 50,4-59,0 [21] 
Cupriavidus necator 
4-Hydroxyhexanoic acid 67,2 [24] 
CO2 60 [25] 
Gram positive heterotrophic bacteria 
Bacillus megaterium 
Citric acid, glucose, 
glycerol, succinic acid 
9-50 [26] 
Corynebacterium glutamicum 
Acetic acid, citric acid, 
glucose, glycerol, succinic 
acid 
4-32 [26] 
Archaea 
Haloferax mediterranei 
Vinasse 50-73 [27] 
Hydrolyzed whey 72,8 [28] 
Glycerol and crude glycerol from 
biodiesel production 
75-76 [29] 
Various archaeal strains Fructose, glucose, glycerol 0,8-22,9 [30] 
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Cyanobacteria 
Spirulina platensis CO2 6 [31] 
Synechococcus MA19 CO2 7-50 [32] 
Synechocystis sp. PCC6803 Acetate 10 [33] 
Synechocystis sp. PCC6803 Fructose/acetate 38 [34] 
Nostoc muscorum Acetate/glucose 45-60 [35] 
Anabaena cylindrical 10C Acetate + propionate 2 [36] 
Oscillatoria limosa CO2 /Acetate 6 [15] 
Aphanocapsa sp CO2 /glucose 2,16 [37] 
Chrococcus sp CO2 /glucose 3,11 [37] 
 
A mixed culture of cyanobacteria and microalgae have been used in this project. The species from 
this culture are not always the same and the predominant species could change with time. The 
morphology of the most important cyanobacteria present in the mixed culture is reviewed next: 
 
a) Aphanocapsa sp.: their cells are small (0,2-2 µm) and more or less spherical. They form 
microscopic colonies. Cell colorations vary from grey, olive, bright blue-green, and 
sometimes appear colourless [38], [39].  
 
 
 
 
 
 
 
 
 
 
b) Chrococcus sp.: They form colonies, usually with not many cells. The cells usually are 
hemispherical with homogeneous or granular content. Their colour is pale or bright blue-
green, yellowish, pinkish or violet [38]. 
 
 
 
 
 
 
Figure 5. Microscope image and schematic drawing of Aphanocapsa sp. [38], 
[39]. 
Figure 6. Microscope image and schematic drawing of 
Chroococcus sp. [38].  
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c) Pseudanabaena sp.: they are filamentous, usually solitary or agglomerated in very fine 
mats. They measure around 0,8-3 µm wide and they are not very long. They are 
composed by cylindrical cells [38].  
 
 
 
 
 
 
 
 
 
 
d) Synechocystis sp: They are solitary, spherical cells that never form colonies. For short 
times they are seen as pairs [38].  
 
 
 
 
 
 
 
 
 
 
3.2. Cyanobacteria metabolic pathways 
The photosynthetic microorganisms, such as microalgae or cyanobacteria capture the solar energy 
by the photosynthetic reactions. The photosynthetic reactions are divided in two main groups, the 
light reactions and the dark reactions. In the light reactions the photosynthetic pigments absorb the 
solar energy and this energy is used to split the water into protons, electrons and oxygen.  The 
electrons and protons are used to synthetize energy carriers (NADPH and ATP). In the dark reactions 
carbon dioxide is fixed and reduced in the Calvin cycle using the NADPH and ATP generated in the 
light phase. The Calvin cycle assimilates CO2 by the ribulose-1,5-biphosphate carboxylase oxygenase 
(commonly known as Rubisco). 6 molecules of carbon dioxide reacts with 6 molecules of the 
ribulose-1,5-biphosphate to form 12 molecules of three carbon compounds called 3-
phosphoglycerate (3-PGA). One of them is used as substrate for the formation of pyruvate, while 
the others are used to accomplish the cycle [9]. Pyruvate is the precursor of many interesting 
compounds. Following the Calvin cycle the 3-phospohoglycerate molecules are converted into 
Figure 7. Microscope image and schematic drawing of Pseudanabaena sp. [38]. 
Figure 8. Microscope image and schematic drawing of Synechocystis sp. [38]. 
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glyceraldehyde 3-phosphate (G3P) and from two molecules of G3P, Fructose 6-phosphate (F6P) is 
generated. Some of those formed molecules are used for the glycogenesis.  
 
Figure 9. Scheme of the metabolism of a cyanobacteria. [[10]modified] 
Many metabolic pathways are derived from pyruvate, such as Polyhydroxybutyrates (PHB) 
formation. The PHB is generated from acetyl CoA which comes from the oxidation of pyruvate as it 
can be seen in the following reaction:  
 
Figure 10.Pyruvate reaction to form Acetyl CoA [40]. 
Three enzymatic reactions should occur in order to generate the PHB. First, the 3-Ketothiolase 
converts two acetyl-CoA molecules in to one Acetoacetyl-CoA molecule. After that reaction 
acetoacetyl-CoA-reductase converts acetoacetyl-CoA in to D-3-hydroxybutyryl-CoA and finally the 
PHB synthase links the D-3-hydroxybutyryl-CoA to the existing PHB molecules via an ester bond 
making the polymer grow [11][2].  
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Figure 11. Metabolic pathway for the PHB synthesis [modified[11]]  
In the case of glycogen it can be synthetized from F6P. The F6P is transformed into glucose 3-
phosphate (G3P) which is at the same time converted into glucose-1-phosphate (G1P). G1P is 
converted to ADP-glucose by the action of glucose-1-phosphate adenyltransferase. The ADP-
glucose is polymerized in order to form glycogen by the action of glycogen synthase. The AGPase 
activity regulates the glycogen synthesis in cyanobacteria. AGPase is allosterically activated by an 
increase in 3-phosphoglycerate (3PGA), and allosterically inhibited by an increase in inorganic 
phosphorus (Pi) content. In the following image it can be seen a scheme of the glycogen 
biosynthesis and the regulatory enzymes.  
 
Figure 12. Scheme of the glycogen synthesis and the regulatory enzymes. Abbreviations: glgP, glycogen phosphorylase; 
glgC, glucose-1-phosphate adenylyltransferase; glgA, glycogensynthase; glgX, isoamylase. [ [41] modified] 
Cyanobacteria, besides solar energy and carbon dioxide, need nutrients, such as nitrogen, 
phosphorus, potassium, etc. for their growth. If a nutrient is limited or omitted from the cultivation 
medium, they change their metabolic strategies resulting to the alteration of their biomass 
composition. The alteration of the biomass composition is related to the accumulation of 
interesting metabolites such as carbohydrates or PHB.  
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Nitrogen is an essential nutrient. It is necessary for the generation of vital compounds such as DNA 
or proteins. It affects the synthesis of photosynthetic pigments such as chlorophyll. Under nitrogen 
starvation, the photosynthetically fixed carbon is turned from the protein synthesis metabolic 
pathway to the lipid or carbohydrate synthesis pathways, resulting into an accumulation either of 
carbohydrates or lipids. In the case of microalgae it is though that the nitrogen limitation causes 
lipid accumulation although it is possible that this is species-dependant. In the case of cyanobacteria 
the majority of the articles reported an accumulation of carbohydrates, in some cases up to a 70% 
of carbohydrates where found to be accumulated [9]. Nitrogen starvation also affects the PHA 
production. In this case the NADPH molecules availability diminishes, that inhibits the amino acid 
biosynthetic routes and turns the residual NADPH  into PHB [11].   
Phosphorus is also an essential nutrient that participates in the synthesis of vital organic molecules 
such as RNA, DNA, phospholipids and ATP. The carbohydrates synthesis is not an inorganic 
phosphorous consuming process and the ADP-glucose pyrophosphorylase which is the enzyme that 
controls carbohydrates synthesis is activated by the 3-phosphoglycerate and is inhibited by 
inorganic phosphorous. For that reason the level of accumulated carbohydrates is determined by 
the ratio of 3-phosphoglycerate to inorganic phosphorus. It is known that carbohydrates start to 
accumulate when the intracellular phosphorus drops below a threshold level[9]. Phosphorous also 
affects the PHA accumulation. It is thought that the PHA increase in phosphorus inadequacy could 
be due to a surplus of reducing power, as a result of the fact that NADPH is continually produced 
by photosynthetic electron flow whereas ATP generation declines with phosphorous deficiency 
[11].  
Not only nutrients deprivations affect the accumulation of PHA and glycogen. Light quality and 
quantity also affects in the culture growth and the biomass composition. The microalgal and 
cyanobacteria growth rate increases with irradiance up to a level where photoinhibition occurs due 
to damage in the photosynthetic receptors. The majority of microalgae become saturated with a 
light flux of 200-400 μmolphotons m−2s−1. However, light penetration inside the reactor decreases 
as the cell density increases by the self-shading effect. In general it is though that more light 
increases the carbohydrate and PHA content [15]. It has also been seen that a rapid shift in light can 
cause a glycogen accumulation [16]. 
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4. Cyanobacteria cultivation 
4.1. Cultivation conditions 
There are many parameters that affects the cyanobacteria growth, such as light, carbon source, 
nutrients, pH, and temperature. 
a) Light 
Cyanobacteria need light in order to do the photosynthesis. They need light within a 
wavelength between 400nm and 700nm. For satisfying biomass production, the light 
intensity has to be in a certain range. If the intensity is too low, light becomes a limiting 
factor, and if light is too high can lead to photoinhibition. That means that cyanobacteria 
will be not able to repair the photosystem II, which leads to a loss in the photosynthetic 
activity. Cells should be in constant and sufficient agitation in order that all the cells get 
light, this means turbulent flow inside the reactor. This cycle prevents the microorganisms 
from light starvation and also allows that the dark reactions to be completed and thus 
restore the capacity of the photosynthetic apparatus [42].  
 
b) Carbon source  
All the photoautotrophic organisms needs an inorganic carbon source. In almost all the 
species the inorganic carbon is introduced in the form of hydrogen carbonate. As 
explained in 3.2 cyanobacteria fix the carbon via the Calvin Cycle driven by the energy 
gained in the photosynthesis. CO2 could be used as the sole carbon source for microalgal 
production, thus avoiding emitting a greenhouse gas into the atmosphere. If CO2 is used 
is important to control the dosage in order to avoid unfavourable pH. The best way to 
dosage CO2 is by using small bubbles aerators and injecting it just to maintain a correct 
pH [42].    
 
c) Nutrients 
Cyanobacteria needs other nutrients a part from carbon to grow, such as phosphorous or 
nitrogen. In the case of phosphorous they need less than 0,03 mg/L. Nitrogen content can 
be up to 10% of the dry matter weight. In many cases cyanobacteria prefer to assimilate 
nitrogen in form of ammonium. They do not assimilate other forms of nitrogen if 
ammonium is present. Other kind of nutrients such as iron and trace metal micronutrients 
(Zn, Cu, Ni) are also necessary for the cyanobacteria growth [42] .  
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d) pH 
Cyanobacteria are not able to grow in pH lower than 4. The pH influences in the 
dissolution of inorganic carbon, therefore it also affects the cyanobacteria growth. Their 
optimum pH is between 7,5 and 10 depending on the strain and the environment. [42].  
 
e) Temperature 
The temperature at which cyanobacteria can grow depends also on the strain. It has been 
reported growth from 4ºC up to 75ºC. However, the optimal cultivation temperature is 
between 20 to 30 ºC [42]. 
4.2. Photobioreactors 
Cyanobacteria are cultivated in photobioreactors. Photobioreactors (PBR) are reactors in which 
phototrophs (microbial, algal or plant cells) are grown or used to carry out a photobiological 
reaction there are two main ways of cultivate photoautotrophic microorganisms at large scale 
production: open and closed systems. There are many ways to operate the same photobioreactor 
type, such as continuous operation, semi-continuous, batch, sequential bioreactors, etc. In this part 
a review on the most used photobioreactors and different operation manners that can be applied 
into a vertical column reactor, which is the type of reactor used for this project, will be done.  
4.2.1. Types of photobioreactor 
There are two big families of photobioreactors; Open, such as high rate algae ponds and closed. 
Table 2 illustrates the advantages and disadvantages of this two photobioreactor families have.  
 
Table 2. Advantages and disadvantages of the open systems or closed systems. In green are the aspects in which the 
system is very good in red the aspect in which the system is very bad and in light colours  the aspects in which the system 
is more or less good (light green) and in light red the aspect in which the system is  rarely favourable [42]. 
 
 
 Open 
systems 
Closed 
systems 
Investment costs   
Cell concentration   
Maintenance   
Problems with contamination   
Control of conditions   
Accuracy CO2 dosing   
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In Table 2 shows that the open systems has a low investment costs but they have lot of 
contamination problems, control of conditions, CO2 dosing is difficult to control and the cell 
concentration is low. However, they are easily to maintain. On the contrary, the closed systems are 
easier to control both the CO2 dosing and the other parameters (pH, temperature). Furthermore, 
the cell concentration is high and the contaminations problems are avoided. However, they require 
from a biggest investment than open systems and their maintenance is also more expensive.   
4.2.1.1. Open systems 
Open ponds cultivation are the most used system for the commercial cultivation of microalgae. The 
open cultivation systems can be divided into three main systems: inclined systems, circular ponds 
and raceway ponds. The last one is the more used open system[43].  
a) Inclined systems: in this type of reactors turbulence required for the algae growth is 
created by gravity. The culture flows from the top to the bottom of a sloping surface. That 
allows to have very thin culture layers (< 1cm) and a high turbulent flow. However, this 
systems presents several problems, such as sedimentation in the points where turbulence 
is low, strong losses by evaporation, high desorption of CO2 and considerably energetic 
requirements.  
 
b) Circular ponds: They are open vessels with a rotating arm that provides mixing. They are 
not commercially used due to the high energetic costs for mixing.  
 
c) Raceway ponds: They consist on a raceway track where algae and nutrients are pumped 
around by a paddle. Its depth is around 25-30 cm, they cannot operate at a water level 
lower than 15cm. Due to the paddlewheel the algae is maintained in suspension. The ponds 
operate continuously with CO2 and nutrients being constantly introduced by one side and 
algae containing water is removed in the other side. This constructions are inexpensive but 
its costs strongly depends in the ground characteristics.  Their major drawbacks are the 
possible contamination, the evaporation in hot climates and the lack of control.  
 
 
 
 
 
a) b) c) 
Figure 13. a) Inclined system image [78]; b) circular pond image [79]; c) raceway pond image [80] 
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4.2.1.2. Closed systems 
There exist several types of closed systems. The most common ones are tubular reactors, laminar 
or flat panel reactors and vertical cylinders photobioreactors.  
a) Tubular: they are the most used PBR for outdoor cultivation. They consist in narrow 
diameter tubes that allow the light to penetrate up to the tube centre. This maximizes the 
surface area available for photosynthesis. Usually as algae need to spend certain amount 
of time in darkness the tubular reactor is connected to a tank and the culture is constantly 
recirculated. The tube diameter usually ranges from 10-30 cm. They can be in form of 
horizontal / serpentine, vertical near horizontal, conical or inclined. Aeration and mixing of 
the cultures in tubular photobioreactors are usually done by air-pump or airlift systems. 
The benefits of the tubular reactors are a large illumination surface area, fairly good 
biomass productivities and they are relatively cheap. Their drawbacks are the pH, and 
dissolved CO2 and O2 gradients [44], [45]. 
 
b) Flat panel: They consist in glass flat chambers that can be titled at the proper angle to 
maximize the solar radiation capture, thus the main benefit of this type of photobioreactor 
is the large illumination surface area [43].  The dissolved oxygen that can be accumulated 
is low compared to the tubular photobioreactors. But great photosynthetic efficiencies 
were found in this kind of PBR. The benefits of using this PBR are the large illumination, 
their good biomass productivity, the relatively low price and maintenance. However, they 
require from many support materials, it is difficult to control the temperature and algal 
growth could exist in the walls [45]. 
 
c) Vertical cylinders:  They are simple transparent cylinder reactor usually surrounded by a 
water jacket allowing temperature maintenance. The main benefit of this reactor type are 
good mixing, good temperature control, low photoinhibition and photo-oxidation. The 
problem of those reactors are the low illumination surface area, they require of 
sophisticated materials to be constructed and algal cultures suffer from shear stress [45]. 
This type of photobioreactor is the one used to realize this project.  
 
 
 
 
c) b) a) 
Figure 14. a) Tubular photobioreactor [81];b)  flat panel photobioreactor [82]; c) vertical cylinder photobioreactor [83]. 
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4.2.2. Operation of the photobioreactors 
In this project it has been used the vertical cylinder photobioreactor. Nevertheless there are several 
ways to operate this type of reactor. The operations used in this project are continuous, semi-
continuous, batch and sequencing batch reactor. In this part a short explanation on this reactor 
operations will be done.  
First of all, two generic concepts must be reviewed in order to understand the differences between 
the reactors operations: the hydraulic retention time and the solids retention time: 
 Reactor hydraulic retention time (HRT): It is the average time a compound remains inside 
the reactor.  
𝐻𝑅𝑇 =
𝑇𝑜𝑡𝑎𝑙 𝑉𝑜𝑙𝑢𝑚𝑒 [𝑚3]
𝐼𝑛𝑓𝑙𝑢𝑒𝑛𝑡 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒  [
𝑚3
𝑑𝑎𝑦𝑠
]
 (Eq. 2) 
 Reactor solids retention time (SRT): The SRT represents the time spent by microorganisms 
in the system, or the time available for micoorganisms to reproduce. If SRT is longer than 
the regeneration time of an organism, it will proliferate. Otherwise it will be washed out of 
the system [46]. It is calculated by (Eq. 3. 
 
𝑆𝑅𝑇 =
𝑇𝑜𝑡𝑎𝑙 𝑉𝑜𝑙𝑢𝑚𝑒 [𝑚3] · 𝑉𝑆𝑆𝑟𝑒𝑎𝑐𝑡𝑜𝑟 [
𝑚𝑔
𝐿
]
𝐼𝑛𝑓𝑙𝑢𝑒𝑛𝑡 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒  [
𝑚3
𝑑𝑎𝑦𝑠
] · 𝑉𝑆𝑆𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡[
𝑚𝑔
𝐿
]
  (Eq. 3) 
Once this concepts are defined the different operations used in this project can be reviewed.  
a) Continuous reactor: In this kind of operation the influent is all the time introduced into the 
reactor and the reactor content emerge continuously.  
b) Semi-continuous: this operation way consist on a partial extraction of the reactor content 
and replacement for new nutrients solutions every defined amount of time in order to 
accomplish the defined hydraulic retention time.  
c) Batch: this reactors are inoculated at the initial time and all the reactor content is extracted 
after a defined amount of time. 
d) Sequencing batch reactor (SBR): this operation manner is very used in the wastewater 
treatment. This reactors have the capability of having different hydraulic and solids 
retention times. Its operation consist in 5 phases.  
1. Filling: where the nutrients are introduced into the reactor. 
2. Reaction 
3. Settle: In this phase agitation is stopped and the biomass of the culture settles. 
4. Draw: Part of the liquid is extracted. 
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5. Idle: is the time between the decantation and the filling 
 
 
 
 
 
 
 
 
 
 
Figure 15. Scheme of a sequencing batch reactor [84]. 
Effect of nutrient limitation and light in the production of polyhydroxybutyrates and glycogen by cyanobacteria cultivated 
in wastewater   
  23 
5. Useful substances accumulated by Cyanobacteria 
Cyanobacteria are able to accumulate different substances that are industrially and 
environmentally interesting, such as polyhydroxyalkanoates and glycogen. In this section it will be 
discussed the chemical structure and properties of polyhydroxyalkanoates and glycogen.  
5.1. Polyhydroxyalkanoates 
Plastics have become a really popular material due to the fact that they are easily modelled into 
almost any shape, they have high chemical resistance and stability, light weight, low price, and are 
more or less elastic. What makes them undesirable is the difficulty in their disposal [1][11]. Their 
big molecular size seems to be the main responsible for biodegradation resistance and their 
persistence in soils for a long time. It has been estimated that more than 100 million tonnes of 
plastics are produced every year worldwide. 40% of the produced plastics are discarded to landfill 
and several hundred thousand tonnes into marine environments. One option in dealing with non-
biodegradable plastics has been incineration. However, harmful chemicals like hydrogen chloride 
and hydrogen cyanide are released to the atmosphere in this process. Recycling is also a solution 
but the big variety of plastics makes the recycled final product application difficult [1].  
It seems that the best solution would be the replacement of non-biodegradable by biodegradable 
plastics. There are three types of biodegradable plastics: photodegradable, semi-biodegradable, 
and completely biodegradable. Photodegradable plastics have incorporated groups that are 
sensitive to light, so they can be disintegrated by ultra-violet radiation. However, landfills lack of 
sunlight what makes them remain non-degraded. Semi-biodegradable plastics are the ones that 
have polyethylene linked with starch. The bacteria in the soil will attack the starch and small 
polymer fragments will remain, this small fragments can be degraded by other bacteria. Completely 
biodegradable plastics are plastics generated by bacteria or cyanobacteria such as 
polyhydroxyalkanoates (PHA)[1]. 
The PHA are a versatile class of polymers with more than 100 different monomers that can be 
obtained from renewable raw materials such as corn, wheat, beets, sugar, potatoes, vegetable oils, 
or microorganisms [47]. Furthermore, they seem to have lots of different application such as in 
pharmaceuticals where they can be used in retarded drugs release, in agriculture where it is used 
to regularly discharge pesticides, plant growth regulators and herbicides, in medicine where could 
be exploited for the development of absorbable structures, bone plates, tendon repair devices, 
spinal fusion cages, ocular cell implants, skin substitutes, heart valves etc., in disposals such as food 
trays, razors, feminine hygienic products, bags, etc [11].  
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PHA is a natural carbon storage for prokaryotes that includes both heterotrophic bacteria and 
autotrophic bacteria (cyanobacteria). If it is wanted to produce PHA in eukaryotes the 
corresponding genes must be transferred. Using genetically modified plants is not the best option 
as they are not well accepted due to their environmental problems and they would be also a 
competitor for agricultural land which is not desirable considering the world food problems. The 
major benefits of using cyanobacteria are that they contribute to the atmospheric CO2 
consumption, its low nutrient requirements, they are aquatic microorganism so they do not need a 
cultivable land, so they could play an important role in the carbon capture and reusing technologies. 
The main drawback is, from an economic point of view, their natural low PHA content, almost 
always below 10% [42] in front of the heterotrophic bacteria which can accumulate around 80% of 
dry cell [48]. 
5.1.1. Chemical structure and properties 
Polyhydroxyalkanoates (PHA) are predominantly linear, formed by hydroxyalkanoic acid as 
monomer units. The carboxyl group of one monomeric unit forms an ester bond with the hydroxyl 
group of the adjacent monomer. In Figure 16 it is shown an image of a monomer of a PHA. The X 
can attain a value of 35000 units. Each PHA monomer has an R chain group which can differ from a 
hydrogen atom to a methyl to tridecyl. The alteration in this side chains are contributing factor 
towards the diversification of PHA thermoplastics family [11]. In Table 3 there is summary of the 
molecular names that different kinds of PHA can have depending on its monomer structure.  
 
Figure 16. Monomer of a PHA[11] 
Table 3. Molecular names of PHA depending on its monomer structure [49]. 
N value R group Molecule name 
1 
hydrogen Poly(3-hydroxypropionate) [P(3HP)] 
methyl Poly(3-hydroxybutyrate) [P(3HB)] 
ethyl Poly(3-hydroxyvalerate) [P(3HV)] 
propyl Poly(3-hydroxycaproate) [P(3HC)] 
butyl Poly(3-hydroxyheptanoate) [P(3HH)] 
pentyl Poly(3-hydroxyoctanoate) [P(3HO)] 
hexyl Poly(3-hydroxynonanoate) [P(3HN)] 
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heptyl Poly(3-hydroxydecanoate) [P(3HD)] 
octyl Poly(3-hydroxyundecanoate) [P(3HUD)] 
nonyl Poly(3-hydroxydodecanoate) [P(3HDD)] 
2 hydrogen Poly(4-hydroxybutyrate) [P(4HB)] 
3 hydrogen Poly(5-hydroxyvalerate) [P(5HV)] 
 
The PHAs can be divided into three big families: the short-chain length (SCL-PHA), the medium-
chain length (MCL-PHA) and the long chain length (LCL-PHA).  Among the SCL-PHA the most 
common are the Polyhydroxybutyrates. PHB properties such as glass transition temperature, 
melting temperature, young modulus and tensile strength seems to be similar to the ones from 
polypropylene. Other additional characteristics of PHB are non-toxicity, biodegradability, 
biocompatibility, hydrophobicity, piezoelectricity, and an optical purity [11].  
The most important thermal properties for polymers are melting temperature (Tm) and glass 
transition temperature (Tg). Both of them are measured in order to know in which temperatures a 
polymer can be processed and used. The melting temperature is the temperature in which the 
polymer changes from solid to liquid state. The glass transition temperature is defined as the 
temperature at which the mechanical properties of a polymer drastically change because of the 
internal movement of the polymer chains. In the case of mechanical properties the most important 
for a polymer is Young’s modulus, elongation-to-break and tensile strength. The Young’s modulus 
studies the polymer stiffness or toughness measuring the relationship between stress (force per 
area) and strain (proportional deformation). A low value of young’s modulus means a high 
flexibility. Young’s modulus can be computed by the following equation: 
𝐸 =
𝐹𝑎 · 𝐿0
𝐴 · ∆𝐿
 
(Eq. 4) 
Where E is the Young's modulus, F is the force exerted, A is the actual cross-sectional area through 
which the force is applied, ΔL is the amount by which the length of the object changes, L0 is the 
original length of the object. 
Elongation-to-break measure the magnitude that a substance will stretch before breaking. It is 
measured as a % of the initial polymer length. Finally, tensile strength measures the force required 
to break a material. In the following table there is a comparison between the most important 
thermal and mechanical properties of a biopolymer generated by cyanobacteria (PHB) and a 
petroleum based polymer (polypropylene). 
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Table 4. Properties comparison between PHB and polypropylene 
Property 
Cyanobacteria (Nostoc 
Muscorum) PHB[11] 
Polypropylene 
Tm(ºC) 175 171[50] 
Tg (ºC) 0.9 -10[51] 
Young modulus (GPa) 3.8 1.8[52] 
Elongation-to-break (%) 4.9 150[53] 
Tensile Strength (MPa) 30.2 33[53] 
 
In Table 4 it can be seen how PHB properties can commercially compete with polypropylene, some 
of them are even better than those of polypropylene. The weaker property of PHB is elongation-to-
break that could be improved synthetizing the co-polymer with hydroxyvalerate (HV) that achieve 
almost a 90% of elongation to break. 
Although all the aforementioned properties can well compete with polypropylene properties, 
actually where PHB stands out is in its biodegradability. PHB are biodegradable in different 
environments such as compost, landfill, and aquatic systems. The ability to degrade PHB is widely 
distributed among bacteria and fungi. Even in extreme aquatic conditions, such as seasonal changes 
of oxygen concentration (anoxic to oxic), low pressure or no sunlight, the PHB is degraded. PHB 
depolymerases are excreted by a huge number of bacteria and fungi. The degradation occurs at the 
surface of PHB by enzymatic hydrolysis, so the degradation rate depends on the surface area 
available for colonization. In the degradation process the bacteria excrete PHA depolymerases 
which hydrolyze the polymer into water-soluble monomers which can be assimilated by 
microorganisms as nutrients, so the degradation components can be considered as non-toxic in 
nature[47].  
5.2. Glycogen 
The consumption of biofuels has risen in the last decade due to the interest of economical potencies 
on reducing its dependence on petroleum. However, the benefits of using biofuels has been 
questioned many times. From an environmental perspective damages in the biodiversity, are done 
by the intensification of monocultures and the use of fertilizers and pesticides. But the most 
concerning problem of classical biofuels is the food crisis.  The increasing demand of biofuels makes 
that a great part of the crops produced are destined to the biofuels production causing a rice in the 
crops prices making them unaffordable for the most poor countries [54]. That is why microalgae 
and cyanobacteria biomass has been drawing attention for the production of biofuels. It has several 
advantages over the terrestrial biomass production. One of the most important benefits of using 
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microalgae and cyanobacteria are that they are among the most efficient microorganism regarding 
solar conversion into interesting products. Moreover, they could be cultivated in non-arable land 
and their cultivation requirements are low, also another benefit is that microalgae and 
cyanobacteria could be used to treat wastewater[9].  
Although carbohydrates have a lower energy content in comparison to lipids. They are preferable 
in the biofuels production[9]. In this project the culture used is mainly dominated by cyanobacteria 
which main storage carbohydrate is glycogen [55]. That is why in this section it will be explained the 
chemical structure of glycogen and which processes are used in order to convert carbohydrates in 
to biofuels. 
 
5.2.1. Chemical structure of glycogen 
Glycogen is a multi-branched polysaccharide of glucose monomers that is used as an energy storage 
molecule. Glycogen is branched with chains every 8 to 12 glucoses or so. The glucoses monomers 
are linked by (1-4) α-glycosidic bonds. The glycosidic bond is a covalent bond between the 
hemiacetal group of the glucose and the hydroxide group of the next glucose monosaccharide. The 
α indicates that both the hemicetal group and the hydroxide are in the same plane position. The 
branches are linked with a (1-6) α-glycosidic bond between the first glucose of the new branch. In 
Figure 17 there is an image of the molecular structure of glycogen. It could be clearly seen how the 
glycosidic bond changes when the chain is ramified [56].  
 
Figure 17. Molecular structure of glycogen: (1-6) α-glycosidic and (1-4) α-glycosidic bonds[56]. 
 
5.2.2. Chemical process to convert biomass into biofuels 
Once the biomass of the photobioreactor is rich in carbohydrates different conversion technologies 
could be used in order to convert those carbohydrates into biofuels. In this section fermentation as 
a way to transform carbohydrates and sugars into bioethanol will be explained. 
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In Figure 18 there is a diagram of the process that the biomass follows in order to be converted into 
bioethanol: 
 
 
 
The cultivation step should be done in a way that permits to accumulate the biggest quantity of 
carbohydrates in order to form more bioethanol [57].  
The harvesting step allows to remove the aqueous solution from the biomass. Although in this 
project centrifugation has been used there are several harvesting methods[57]: 
5.2.2.1. Centrifugation 
Most microalgae and cyanobacteria can be recovered from dilute suspension through centrifugal 
forces. Centrifugation allows to have good harvesting with short time. However centrifugation 
energetic requirements are really high, so this process has a negative effect on the net energy and 
CO2 balances in the biofuels production by microalgal and cyanobacteria means.  
5.2.2.2. Filtration 
This is the best accepted harvesting method due to its high efficiency, simplicity and continuous 
operation. Furthermore the medium used for the cultivation could be recovered.  
5.2.2.3. Ultrasounds  
Ultrasounds with a high frequency (MHz) and a low amplitude facilitates microalgal or 
cyanobacteria cells to aggregate and precipitate. Ultrasound may be unsuccessfully used in industry 
due to its low efficiency and high energetic costs.  
5.2.2.4. Immobilization 
This method use an entrapment matrix in which microalgal or cyanobacteria cells are embedded 
and continuously growing from the beginning of the cultivation. Thus, the beds where microalgae 
and cyanobacteria are cultivated could be removed easily without a large energy input.  
The preparation of the biomass consist on the disruption of cell walls through various mechanical, 
chemical or enzymatic methods in order to enhance the carbohydrates availability and break down 
the carbohydrates molecules into sugars. After the biomass is prepared the yeast is supplied into 
the biomass for the fermentation process. Yeast is able to convert sugars into ethanol producing 
Cultivation Harvesting 
Preparation of 
the biomass 
Bioethanol 
extraction 
Figure 18. Bioethanol production process 
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CO2.This CO2 could be recycled as a carbon source for the cyanobacteria and microalgae culture. In 
Figure 19 there is a scheme of the fermentation reaction where glucose is converted into pyruvate 
generating 2 ATP and then this pyruvate is converted into acetaldehyde releasing two molecules of 
CO2. Finally, the acetaldehyde is converted into ethanol [57]. 
After fermentation the bioethanol is purified so it can be finally be used as a combustible and the 
remaining biomass can be used as a feed in an anaerobic digester to produce biomethane [57].  
 
Figure 19. Fermentation reactions to form ethanol from glucose[58]. 
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6. Material and methods 
6.1. Material 
In this part an explanation of the reactors used to develop this project will be done. Furthermore it 
will be explained the necessary reagents and equipment needed to realize the experiments 
explained in part 6.23.  
6.1.1. Reactors 
In this project three different reactors have been used. The anaerobic digester which produce 
biogas through the algae digestion. The 30L photobioreactor which is used as a tertiary wastewater 
treatment and as a culture medium to grow the cyanobacteria. The 3L vertical cylinder reactors 
were used to check which nutrients and light condition enhance the bioplastics and glycogen 
accumulation and also to see the reactors operation that allows a greater selection of 
cyanobacteria. 
6.1.1.1. Anaerobic biodigester 
Nowadays, almost all our biodegradable waste (food, garden waste, sewage, etc.) is send to landfill 
where it breaks down and realize methane which is a greenhouse gas.  The anaerobic digestion 
allows to make this process in a closed reactor thus it is possible to recover the methane that could 
be used as a combustible [59].  
The anaerobic digestion is a biological process where the organic matter is degraded to biogas and 
digestate through the action of bacteria in absence of oxygen.  The biogas is composed by CH4, CO2, 
H2, H2S. The major component is CH4 (50%-70%) that is why it could be used as combustible.  The 
digestate is a mixture of mineral components (N, P, K, Ca) that can be used as nutrients in the 
photobioreactor [60].  
Figure 20 summarizes the process that organic matter follows in the anaerobic digester.  
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Figure 20. Scheme of the steps of anaerobic digestion [61] 
The anaerobic digestion is based in 4 main steps[61][62].  
1. Hydrolysis: Extracellular enzymes produced by hydrolytic microorganism, such as cellulose, 
amylase, protease and lipase, decompose complex organic polymers into soluble 
monomers. The proteins are broken down into amino acids, lipids into fatty acids, and 
carbohydrates into sugars.  An example of hydrolysis reaction is the following: 
 
C6H10O5 + 2H2O → C6H12O6 + H2 (Eq. 5) 
2. Acidogenesis: The small molecules resulting from hydrolysis are converted by fermentative 
bacteria into a mixture of volatile fatty acids (acetic, propionic, butyric) and other minor 
products such as hydrogen and CO2. Usually this is the fastest step. The following equations 
shows the typical acidogenic reactions. In those equations the glucose is converted into 
ethanol (Eq. 6), propionate (Eq. 7), and acetic acid (Eq. 8):  
C6H12O6 ↔ 2CH3CH2OH + 2CO2 
(Eq. 6) 
C6H12O6 + 2H2 ↔ 2CH3CH2COOH + 2H2O 
(Eq. 7) 
C6H12O6 → 3CH3COOH 
(Eq. 8) 
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3. Acetogenesis: The acetogenic bacteria converts the volatile fatty acids into acetate, CO2 
and H2. The following equations represent the basic acetogenic reactions. The first one 
represents the conversion of propionate to acetate. Glucose and ethanol are also 
converted to acetate in the acetogenesis.  
 
CH3CH2COO- + 3H2O ↔ CH3COO- + H+ + HCO3- + 3H2 (Eq. 9) 
C6H12O6 + 2H2O ↔ 2CH3COOH + 2CO2 + 4H2 
(Eq. 10) 
CH3CH2OH + H2O ↔ CH3COO- + 2H2 + H+ 
(Eq. 11) 
4. Methanogenesis: The products form step 3 are converted into methane by methanogens. 
In the following equations it is showed the chemical reactions occurring in this step. 
CO2 + 4H2 → CH4 + 2H2O 
(Eq. 12) 
2C2H5OH + CO2 → CH4 + 2CH3COOH 
(Eq. 13) 
CH3COOH → CH4 + CO2 
(Eq. 14) 
The biodigester used in this project is a complete-mix digester. In Figure 21 there is image 
of the digester used:  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 21. Anaerobic digester 
Thermocouple 
Biogas extraction 
Thermometer 
Feed entrance 
Heating system 
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The anaerobic digester used is equipped with a heater automatically controlled by a thermocouple 
which maintain 35ºC which is the adequate temperature for the digestion [61]. A thermometer 
which measures the inside reactor temperature, a biogas extractor from where the biogas is 
recovered and a hose by which the reactor is purged and fed.   
6.1.1.2. 30L photo bioreactor 
The 30L photobioreactor is a vertical cylinder reactor. In Figure 22 and Figure 23 there are images 
of the photobioreactor used. In annex 2 there can be found the reactor plans. This reactor is 
controlled automatically by a computer software. The pH increase is controlled by CO2 injection 
which at the same time is used by cyanobacteria as inorganic carbon source. The CO2 injected 
amount is controlled by the computer software which when receives the signal of a pH higher than 
7,5 from the pH meter stars injecting CO2 which is provided by a CO2 gas bottle.  
This reactor has a hydraulic retention time of 10 days which means that all the biomass inside the 
reactor will be completely renewed every 10 days. That retention time is accomplished by feeding 
the reactor with 3L every day. 
𝐻𝑅𝑇 =
𝑇𝑜𝑡𝑎𝑙 𝑉𝑜𝑙𝑢𝑚𝑒
𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒
=
30 𝐿
3 
𝐿
𝑑𝑎𝑦
= 10 𝑑𝑎𝑦𝑠 
(Eq. 15) 
The PBR is fed by the feeding tank. This tank has a rotor available in order to make the feed 
dissolution homogenous. The feed dissolution is formed by the digestate extracted from the 
anaerobic digester and water from the high rate algae ponds. The quantity of digestate is 
introduced in a proportion of 5:300 mL of digestate per mL of influent.  The harvesting tank is used 
to recover the PBR content that is extracted from the reactor every day. The system also has a light 
available. This light is surrounded by a screen in order to focus all the light to the reactor direction 
and avoid light loses. That light is controlled by a timer which turn on it just 12h a day.  
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Reactor light Reactor controller 
Feeding tank 
Figure 22. Image of the 30L PBR 
Figure 23. 30L PBR tank 
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6.1.1.3. 3L vertical cylinder photobioreactors 
They has been used to study which nutrient conditions and light are the best ones in order to 
produce high quantities of PHA and glycogen in a mixed cyanobacteria culture and which is the best 
operation to select cyanobacteria. They have a maximum capacity of 3L but they have been used 
at lower volumes than the maximum to avoid overflow when acid is added to control the pH. The 
pH is monitored by an electronic controller which when pH higher than 8,7 is detected activates a 
pump that introduces chlorhydric acid to the reactor. In some of the experiments it is also necessary 
to have a basic solution to avoid pH lower than 6,8. This reactors are jacketed photobioreactors in 
order to avoid a high raise in the temperature due to the heat emitted by the lamps. They also have 
an agitator that maintains the organic matter in continuous agitation, thus the light that arrives to 
each cell will be the same. In Figure 24 there is an image of the used reactor. 
 
Figure 24. 3L vertical cylinder photobioreactor 
In order to change the operation manner of those reactors different timers and pumps were 
connected. It was only necessary to automatize the continuous and SBR reactors, as batch and semi-
continuous could be operated manually. In the continuous reactor two pumps were connected: 
one to continually fill the reactor and one that empties the reactor at the same time. In the case of 
SBR three timers were needed. First of all when the reactor is in agitation it is extracted manually 
the volume to accomplish the solid retention time. Then, timer 1 is activated and agitation is 
stopped for 1h. When half of this hour has passed it is considered that the reactor is completely 
settled and timer 2 is activated emptying the not settled content to accomplish the hydraulic 
retention time. When the emptying is completed timer 3 is activated and fills the reactor with new 
nutrients.  
Lamps 
Acid dispenser 
Temperature sounding 
Electronic controller 
pH meter 
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6.1.2. Reagents 
In this section it will be explained which reagents are needed to make all the analysis and 
experiments.  
 BG11 culture medium: It is the medium used in the batch reactors. It has been modified 
depending on the needed nutrient limitation. For example if nitrogen limitation wants to 
be done the NaNO3 is eliminated of the solution and for phosphor limitation the K2HPO4 is 
eliminated. In Table 5 there is a summary of the solutions needed to prepare one litre of 
this culture [63].  
 
Table 5. Preparation of the BG11 culture medium 
Solution 
Concentration [g/L] Quantity used in the medium [mL] 
NaNO31 15 100 
K2HPO42 4 10 
MgSO2·7H2O 7,5 10 
CaCl2·2H2O 3,6 10 
                                                          
 
 
1 This solution is eliminated to prepare the nitrogen limited medium 
2 This solution is eliminated to prepare the phosphorous limited medium 
Figure 25. Continuous and SBR reactors 
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Citric acid 0,6 10 
Ammonium ferric citrate green 0,6 10 
EDTANa2 0,1 10 
Na2CO3 2 10 
Trace metal 
solution 
H2BO3 2,86 
1 
MnCl2·4H2O 1,81 
ZnSO4·7H2O 0,22 
Na2M0O4·2H2O 0,39 
CuSO4·5H2O 0,08 
Co(NO2)2·6H2O 0,05 
 
 COD 
o Potassium dichromate solution 0,04167M: 
o Sulphuric acid with Ag2SO4 as additive at a rate of 5.5 g Ag2SO4/kg H2SO4. 
 Alkalinity 
o Chlorhydric acid 0,02N 
 Chlorophyll 
o Alkalized acetone  
 Ammonia 
o Sodium nitroprussiade NaFe(CN)5NO·2H2O 0,5% 
o Phenol solution 10% in ethanol. 
o Alkali solution: sodium citrate C6H5Na3O7·3H2O and NaOH 
o Oxidant solution formed by alkali solution and bleach (80:20) 
o Patron solution of ammonia 
 PHAs 
o CHCl3 + C17H36: 50 mg heptadecane + 20mL chloroform in 50mL volumetric flask.  
o PHB patron: PHB pellet of 30mg in a 10mL volumetric flask + 9mL chloroform  
 Glycogen 
o Chlorhydric acid 0,1N 
o Concentrate sulphuric acid (95-98%) 
o Phenol 5% in water 
6.1.3. Equipment 
The equipment used for the analysis are listed below. More information about the use of those 
equipment could be found in the analytical methods section. The glass material has not been 
specified as it is the usual in a chemical laboratory.  
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a) Oxygen electrode 
b) Neophelometer 
c) Conductivity meter 
d) TOC equipment (Analytikjena multi N/C 2100S) 
e) Digester 
f) Anion chromatograph (Diones ICS-1000) 
g) Polytron 
h) COD reader (MD 600) 
i) pH meter 
j) Centrifuge  
k) Oven 
l) Spectrophotometer (Spectronic Genesys 8) 
m) Gas chromatograph  (Agilent 7820A) 
n) Muffle 
 
Figure 26. Laboratory equipment 
6.2. Aalytical methods 
In order to control the changes in the mixed cyanobacteria culture and understand what is 
happening inside the reactors, different parameters have been continuously controlled. In this 
section a review on the different methodologies used to control the cultures will be reported. 
Otherwise specified, those methodologies are taken from standard methods for the examination 
of water and wastewater [64]. 
Effect of nutrient limitation and light in the production of polyhydroxybutyrates and glycogen by cyanobacteria cultivated 
in wastewater   
  39 
6.2.1. Turbidity 
Water turbidity is caused by suspended matter. The measurement of turbidity express the optical 
property that causes light to be scattered and absorbed rather than transmitted with no change in 
the direction or flux level through the sample.  Turbidity could be directly related with the total 
suspended matter. Nevertheless, depending on the sample interferences could be found. For 
example, samples with particles consisting on light absorbing materials could cause interferences 
when they are present in high concentrations. So, turbidity is an easy and quick way of measuring 
the biomass inside the reactor. In order to measure turbidity an electronic nephelometer is used.  
The nephelometer measurements are based in a comparison of the light scattered by a standard 
reference and the light scattered by a sample under defined conditions. This nephelometer consist 
on a light source illuminating the sample and photoelectric detectors with readout devices capable 
to detect intensity of light scattered at 90ºC to the path of incident light. The units of measurement 
are the nephelometric turbidity units (NTU).  
The measurements of turbidity must be done right after extracting the samples to avoid flocculation 
or changes with temperature. The procedure that should be followed in order to measure turbidity 
is the following: 
1. Agitate gently the sample and wait until bubbles disappear 
2. Pour the sample into the cell. Dry the cell with a tissue paper. 
3. Introduce the cell into the dispositive and measure.  
6.2.2. Dissolved Oxygen (OD) 
The dissolved oxygen is a measurement of the oxygen present in the sample. It is an easy and quick 
measurement of the photosynthetic activity in the culture. To measure oxygen a membrane 
electrode has been used. The oxygen sensitive membranes are composed of two solid metal 
electrodes in contact with a supported electrolyte separated of the sample by a selective 
membrane.  
It is preferable the OD to be measured in situ. If this is not possible samples should not be agitated 
and should be not in contact with air as the concentration of gases could be modified. In order to 
do the measurements first of all the electrode should be cleaned with deionized water and carefully 
dried with a tissue paper. Then, the electrode can be introduced into the sample and the device will 
show the oxygen concentration. The membrane electrode device can be seen in the following 
scheme:  
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Figure 27. Galvanic membrane electrode [65].  
6.2.3. Conductivity 
The conductivity is a measurement of the capacity of an aqueous solution to conduct electric 
current. This measurement depend on the presence of ions. This conductivity is used to control the 
medium salinity, since the algae cultivated are fresh water species and high salinities could cause 
its dead. Conductivity can be related with salinity by an empirical relation between the salinity of a 
standard solution and the conductivity of this solution.  
The conductivity has been measured by a conductivity meter. This conductivity meter is calibrated 
with different standard KCl dissolutions which permits the user to establish the internal cell 
constant in order to match the measured conductivity with the standard conductivity:  
𝑘𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 𝐶 · 𝐺 = 𝑘𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 
(Eq. 16) 
Being k the conductivity C the cell constant in cm and G the solution conductance.  
Once the conductivity meter is calibrated the sample can be measured. To do that clean the 
electrode with DI water and introduce it into the sample. Wait until the measurement is stable.  
6.2.4. Total and volatile suspended solids (TSS, VSS) 
The total suspended solids is the portion of solids retained by a filter of 2μm nominal pore size. The 
suspended solids is the weight loss after ignition of the solids retained in the filter. Volatile solids 
indicates the quantity of organic matter present in the sample, although its precision is not really 
high as ignition is not confined to organic matter. It includes losses due to decomposition or 
volatilization of some mineral salts. 
The procedure to analyse the TSS and the VSS is the following: 
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1. Prepare the filters by numbering them and filtering approximately 25mL of DI water. Then 
put them inside a muffle at 550ºC for 20 minutes. Let them cold and weight them. The 
filters can be stored in a 100ºC oven.  
2. Filter the sufficient quantity to have an enough solids deposition in the filter using a 
kitasatos.  
3. Let the filters dry in an oven at 100ºC for 24h and weight them. 
4. Combust the samples in a muffle furnace for 20 min and weight the filters again.  
The total suspended solids and the volatile suspended solids can be computed by the following 
formulas: 
𝑇𝑇𝑆 [
𝑚𝑔
𝐿
] =
(𝑔𝑟𝑎𝑚𝑠 𝑎𝑓𝑡𝑒𝑟 𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 − 𝑔𝑟𝑎𝑚𝑠 𝑏𝑒𝑓𝑜𝑟𝑒 𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛) ∗ 1000
𝐹𝑖𝑙𝑡𝑟𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 [𝐿]
 (Eq. 17) 
 
𝑇𝑇𝑉 [
𝑚𝑔
𝐿
] =
(𝑔𝑟𝑎𝑚𝑠 𝑎𝑓𝑡𝑒𝑟 𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 − 𝑔𝑟𝑎𝑚𝑠 𝑎𝑓𝑡𝑒𝑟 𝑚𝑢𝑓𝑓𝑙𝑎) ∗ 1000
𝐹𝑖𝑙𝑡𝑟𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 [𝐿]
 (Eq. 18) 
6.2.5. Chemical oxygen demand (COD) 
It is the amount of oxidant that reacts with a sample under controlled conditions. The oxidant 
consumed is expressed in terms of oxygen equivalents. Both organic and inorganic compounds are 
oxidized. The COD is used as a measurement of pollutants in wastewater. It can present 
interferences, the most important ones are those related with the chloride ion. Chloride reacts with 
silver ion to precipitate and thus inhibit the catalytic activity. For that reason COD has been not 
measured for the 3L vertical cylindrical PBR experimental reactors as chloride acid is used to control 
the pH in this reactors. The information given by COD can be extracted from other analysis such as 
TOC. 
The COD methodology that has been used in the analysis is the colorimetric method. In this method 
most types of inorganic matter are oxidized by a boiling mixture of chromic and sulphuric acids. This 
result in the change of chromium from the hexavalent (VI) state to the trivalent (III) state. This 
species are coloured and absorb in the visible region. The Cr2O72- absorb in the 400 nm region and 
the Cr3+ absorb in the 600nm region where the dichromate has nearly no absorption, so measuring 
in this longitudes can be determined the amount of chromate ion formed and thus the COD value.  
𝐶𝑂𝐷 =
𝑚𝑔 𝑂2𝑖𝑛 𝑓𝑖𝑛𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 · 1000
𝑚𝐿 𝑆𝑎𝑚𝑝𝑙𝑒
 (Eq. 19) 
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The analytical method followed is the next: 
1. Add 2,5 mL of sample. The sample must be filtrated if the soluble COD wants to be 
measured, otherwise total COD will be measured. Three triplicates will be done for each 
sample and three blank controls will be prepared adding 2,5 mL of DI water to the sample 
tubes.  
2. Then add 1,5mL of potassium dichromate solution. And add 3,5 mL of sulphuric acid + Ag+ 
3. Incubate the samples in a digester 2h at 150ºC.  
4. Once the 2h are finished let the sample tubes cold to room temperature.  
5. Clean the tubes with alcohol and introduce the blank to the COD reader.  
6. Use the 800 program in the COD reader MD 600 and press zero in order to find the zero 
value.  
7. Once the zero in registered press test in order to see which is the value of the blank. If it is 
lower than 8 press zero again, otherwise try with another blank control sample and repeat 
steps 7 and 8. 
8. Once the zero in found introduce the samples and press test. 5 measurements would be 
done for each sample to minimize the error.  
 
Figure 28. Tubes being incubated in the digester 
6.2.6. Total, organic and inorganic carbon (TC, IC, TOC, TN) 
This methodology allows to measure the quantity of organic carbon, inorganic carbon and total 
nitrogen in a sample. The total carbon will be just the sum of both inorganic and organic carbon. 
The methodology used is the high-temperature combustion method. In this method the sample is 
homogenized and injected to a reaction chamber packed with an oxidative catalyst where water is 
vaporized and all the organic and inorganic matter is oxidized to CO2 and transported by a gas carrier 
and analysed by an infrared analyser. Then inorganic carbon is measured by injecting the sample 
into a reaction chamber where it is acidified and all inorganic carbon is converted into CO2 and 
transferred to the detector. Then TOC value is computed by difference.  
𝑇𝑂𝐶 = 𝑇𝐶 − 𝐼𝐶 
(Eq. 20) 
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The methodology followed in order to measure TOC, IC and TN is the next: 
1. Homogenize the sample with a polytron. The homogenization time will be determined by 
the quantity of solids in the sample. If soluble carbon should be measured this step could 
be avoided.  
2. While the sample is in agitation fill the 500 µL syringe. 
3. Open the air bottle. 
4. Open the software and charge the method to TOC DIF + TN 
5. Once the software give the message that it is prepared to receive the sample introduce the 
sample to the IC analyser.  
6. Once the IC measurements have finished the program indicates that the sample can be 
introduced to the reactor. Introduce the sample to the reactor with the syringe and TC will 
be measured. When all the measurements are finished the TOC will be directly computed 
by difference.  
 
 
 
 
 
 
 
6.2.7. Alkalinity 
Alkalinity is the capacity of a sample to neutralize an acid. It is taken as an indication of the 
concentration of carbonate, bicarbonate and hydroxide. The method used to measure alkalinity is 
the titration method. The hydroxyl ions present in the sample as a result of dissociation or hydrolysis 
of the solutes react with the acid. The procedure that must be followed is the next one: 
1. Calibrate the pH meter with the standard dissolutions of pH 7 and 4,01.  
2. Fill the burette with chlorhydric acid 0,02N 
3. Add the acid to the sample until a pH equal to 4,5 is achieved.  
 
 
Figure 29. TOC analyser 
Figure 30. Injection of the 
simple with a syringe 
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With the quantity of acid titrated the alkalinity can be computed by (Eq. 21): 
𝐴𝑙𝑘𝑎𝑙𝑖𝑛𝑖𝑡𝑦 = 𝑚𝑔
𝐶𝑎𝐶𝑂3
𝐿
=
𝐴 · 𝑁 · 50 000
𝑚𝐿 𝑆𝑎𝑚𝑝𝑙𝑒
 (Eq. 21) 
Where A is the mL of standard acid titrated and N the normality of the acid.  
6.2.8. Chlorophyll 
Chlorophyll is a measure of the biomass of photosynthetic organism present in the culture. First of 
all it is needed to extract the pigments from the cells. This pigments are extracted with alkalinized 
acetone. The procedure that should be followed is the next one: 
1. Concentrate the sample by centrifugation at 2400 rpm 10min.  
2. Add 3mL of alkalinized acetone and macerate at 500 rpm for 5min 
3. Add 5mL of acetone and store the sample 24h in dark.  
4. Clarify the sample by centrifuging 20 min at 2000 rpm.  
Once the pigments are extracted the chlorophyll concentration could be measured by a 
spectrophotometer. In order to determine the chlorophyll a the optical densities (OD) of 664, 647 
and 630nm respectively are used. The OD of 750 nm is a correction factor for the sample turbidity. 
Finally, the amount of chlorophyll a could be determined by (Eq. 22): 
𝐶ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙 𝑎 [
𝑚𝑔
𝐿
] =
(11.85 · (𝑂𝐷664) − 1.54 · (𝑂𝐷647) − 0.08 · (𝑂𝐷630)) · 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 [𝑚𝐿]
𝑆𝑎𝑚𝑝𝑙𝑒 𝑉𝑜𝑙𝑢𝑚𝑒 [𝑚𝐿]
 (Eq. 22) 
6.2.9. Anions 
Anions where determined by ion chromatography. In order to apply this methodology previous 
filtration is needed to remove particles larger than 0,45 µm. The measured anions were fluoride, 
chloride, nitrite, nitrate, bromide, orthophosphates and sulphate. The sample merges with the 
eluent stream and is pumped into the column where anions are separated on the basis of their 
affinity for the active sites of the column material.  
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Figure 31. Typical separation of anions [66] 
6.2.10. Ammonia [67] 
Ammonia present in the sample is measured by the phenolhypochlorite method. The reagents 
necessary to measure ammonia through this method are summarized in the materials section. The 
procedure consist in adding 2ml of phenol solution 2mL nitroprussiate solution and 5mL of 
oxidation reagent to a 50mL previously filtered sample, mixing thoroughly after each addition. 
Then, wait 1 and a half hour and measure its absorbance at 640 nm. A blank should be done in 
order to establish the absorbance of the mixture of phenol, nitroprussiate and oxidation solution 
as the zero value. The concentration of ammonia can be calculated by substituting the absorbance 
in a previously computed calibration curve: 
𝐶 =  1,195 · 𝐴 − 0,008 
(Eq. 23) 
Where C is the concentration and A the absorbance found with the spectometer.  
 
Figure 32. Aspect of the samples after ammonia test 
6.2.11. PHB quantification 
In order to quantify the PHB quantity present in our sample the following methodology has been 
followed. First of all a calibration curve is needed. To do that, it is placed 1mL of patron solution and 
1mL of chloroform and heptadecane (CHCl3 + C17H36) solution. Then the tube is mixed with a vortex 
for a minute.  After that, 1mL of the solution is transferred to an enumerated tube. Then 1mL of 
CHCl3 + C17H36 is added to the first dissolution and it is placed in the vortex for a minute. Then 1mL 
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of that sample is transferred to a second enumerated tube. This procedure is repeated until 6 
concentrations levels are obtained. Finally 1mL of methanol 20% solution is added to all the 
enumerated tubes. This samples are analysed with a gas chromatograph and thus the calibration 
curve is obtained.   
Once the calibration curve is done the samples can be quantified. To do that 2mg of dried sample 
are weighted. Then, 1mL of CHCl3 + C17H36 and 1mL of methanol 20% solution are added. The sample 
are placed in the digester for 5h at 100ºC. Once the 5h have passed the tubes are placed in ice for 
15 or 30 min. Then 0,5mL of water are added and the part that is dissolved with chloroform is 
transferred to vials with molecular sieves in order to measure them with a gas chromatograph.  
6.2.12. Glycogen quantification 
Simple sugars, oligosaccharides, polysaccharides and their derivatives give an orange yellow colour 
when treated with phenol and concentrate sulphuric acid. Dubois has developed a method that 
allows measuring submicro amounts of sugars [68]. This method requires of a calibration curve. 
This curve is done by preparing 7 different glucose concentration solutions. Then 1mL of glucose 
solution is added to a test tube. After that 0,5 mL of phenol and 2,5 mL of sulphuric acid concentrate 
are added. Then the tubes are closed and placed in a vortex to completely mix. Then, the tubes are 
leave it cold for 10 min and after that they are placed in a 35ºC bath for 15min. After that the 
samples are measured with a spectrophotometer at 492nm.  
Once the calibration curve is done the samples can be measured. First, it is necessary to extract the 
glycogen from the cells and to break it into glucose molecules. To do that approximately 1,5mg of 
sample are weighted. Then 2mL of chlorhydric acid 0,1N are added to the sample. After that the 
tubes are introduced in the digester for 2h at 100ºC. Once the glycogen is extracted and broken 
into small molecules the same procedure as in the calibration curve is followed (addition of phenol, 
and concentrated sulphuric acid, vortex, 10 min rest, 15min 35ºC bath and measured with 
spectrophotometer at 492 nm). The glycogen concentration in mg/L can be computed by (Eq. 24): 
𝐶 =  73,51 · 𝐴 − 2,098 
(Eq. 24) 
Where C is the concentration and A the absorbance found with the spectrometer.  
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6.3. Experimental methodology 
In this part the experimental procedure developed to achieve the objectives will be explained. The 
experimental methodology is divided in two parts the first one which talks about the control of the 
30L PBR and the second one, which is the main part of the project, which explains the experiments 
realized with the 3L vertical cylinder reactors. 
6.3.1. 30 L photobioreactor 
To understand how this reactor is integrated in the wastewater treatment a brief summary of all 
the complete process will be done. In the next image there is a scheme of the process. First of all 
the water arriving from the sewage system is stored in a big tank (1a). Then this water passes by a 
primary decanter in order to remove the heavy solids by decantation (1b). After that the water from 
the primary decanter pass to the high rate algae ponds which works as a secondary wastewater 
treatment (2). There the algae and other microorganisms removes the suspended organic matter. 
Then, it is necessary to eliminate the microorganisms present in the ponds. It is done by a secondary 
decanter which separates the microorganisms from water. The microorganisms are used in the 
digester where they are degraded into biogas and a solution of minerals called digestate (3a). The 
water extracted from the secondary decanter is mixed with the digestate and used as feed for the 
30L PBR (3b). This PBR is used as a tertiary treatment where nutrients such as nitrogen or 
phosphorus are removed at the same time that cyanobacteria are grown.  
 
Figure 33. Process scheme 
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This reactor is completely monitored in order to know how it is working. To do that different analysis 
are planed during the week. In the following table there is a calendar with the analysis performed 
every day. 
Table 6. Planning of the analysis 
Monday Tuesday Wednesday Thursday Friday 
 Turbidity 
 Oxygen 
 Turbidity 
 Oxygen 
 Ammonia 
 Anions 
 SST/SSV 
 Alkalinity 
 Turbidity 
 Oxygen 
 COD 
 TOC/TC/IC 
 Chlorophyll 
 Turbidity 
 Oxygen 
 Ammonia 
 Anions 
 SST/SSV 
 Alkalinity 
 Turbidity 
 Oxygen 
6.3.2. 3L vertical cylinder reactors 
This is the main experimental part of the project. As it was explained before the 3L vertical cylinder 
reactors have been used to accomplish two main objectives: investigate the effect of nitrogen and 
phosphor limitation and light hours in the production of PHB and glycogen in a mixed cyanobacteria 
culture and observe which reactor operation best selects cyanobacteria.  
 
 
 
 
 
 
 
 
The first assay consist in two reactors one limited from nitrogen and the other limited from 
phosphor. This experiments last for two weeks. The experiments was done twice one with 
illumination for 24h a day and the other with illumination 12h a day. The culture for this assay was 
rich in cyanobacteria. The experiment was elongated up to 16 day due to the fact that in previous 
Figure 34.Planning of the realized experiments 
1st Assay 
 16 days 
 Light: 12h/24h 
 Nitrogen/Phosphor limitation 
 Inoculation: Biomass cultivated in 
the 30L PBR (rich in cyanobacteria) 
 Feed: BG11 medium + extra 
inorganic carbon 
 Operation: Batch 
 
2nd Assay 
 30 days  
 Light: 12h/24h 
 Phosphor limitation 
 Inoculation: Biomass cultivated in 
the 30L PBR (rich in cyanobacteria) 
 Feed: Ponds water + digestate + 
extra inorganic carbon 
 Operation: Continuous, semi-
continuous, SBR 
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assays it has been seen that with 8 days saturation was not reached, on the contrary the tendency 
seems to continue to grow. 
This experiments were completely monitored to understand what is happening with the system. 
The experimental calendar was the following one: 
Table 7. Analysis Planning 
Monday Tuesday Wednesday Thursday Friday 
 Turbidity 
 Oxygen 
 Conductivity 
 TOC/TC/IC total 
and soluble 
 Anions 
 SST/SSV 
 Chlorophyll  
 PHA + 
Carbohydrates 
 
 Turbidity 
 Oxygen 
 Conductivity 
 TOC/TC/IC 
soluble 
 PHA + 
Carbohydrates 
 
 
 Turbidity 
 Oxygen 
 Conductivity 
 TOC/TC/IC 
total and 
soluble 
 Anions 
 SST/SSV 
 Chlorophyll 
 PHA + 
Carbohydrates 
 
 Turbidity 
 Oxygen 
 Conductivity 
 TOC/TC/IC 
soluble 
 PHA + 
Carbohydrates 
 
 Turbidity 
 Oxygen 
 Conductivity 
 TOC/TC/IC 
total and 
soluble 
 Anions 
 SST/SSV 
 Chlorophyll 
 PHA + 
Carbohydrates 
Finally, a second experiment has been done in order to select the major quantity of cyanobacteria 
to maximize the PHA productivity in our culture. In the previous results it has been seen that 
phosphor limitation allows to achieve higher cyanobacteria content. This reactor where fed with 
water from the ponds and digestate with a relation water/digestate 100:6 mL in order to connect 
the whole process. The ponds water is rich in nitrogen and its phosphor content is low allowing to 
have a phosphorous content lower than 2mg/L and a N to P ratio of approximately 10-12. 
Nevertheless, water from ponds was diluted by half to avoid nutrients accumulation. To study the 
best way to select cyanobacteria 4 types of operation has been tried: 
 Continuous reactor: hydraulic and solids retention time of 10 days.  
 Semi-Continuous reactor:  hydraulic and solids retention time of 10 days.  
 SBR1: hydraulic retention time of 2 days and a solid retention time of 10 days.  
 SBR2: hydraulic retention time of 2 days and a solid retention time of 5 days.  
The SBR are expected to have the capacity of eliminating scenedesmus sp. (green algae) present in 
the inoculated biomass, as this kind of reactor operation selects the microorganisms that 
precipitate more easily. Cyanobacteria are known to be quickly settled while scenedesmus remains 
in suspension. 
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In Table 8 there are the week analysis done for this reactors: 
Table 8. Analysis planning 
Monday Tuesday Wednesday Thursday Friday 
 Turbidity 
 Oxygen 
 Anions 
 SST/SSV 
 Chlorophyll 
 Turbidity 
 Oxygen 
 TOC/TC/IC/TN 
soluble+total 
 PHA + Carbohydrates 
 Turbidity 
 Oxygen 
 Anions 
 SST/SSV 
 Chlorophyll 
 Turbidity 
 Oxygen 
 TOC/TC/IC/TN 
soluble+total 
 PHA + Carbohydrates 
 Turbidity 
 Oxygen 
 Anions 
 SST/SSV 
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7. Results and discussion 
7.1. 30 L Photobioreactor 
Cyanobacteria have the capacity of transform contaminants present in wastewater, such as 
nitrogen or phosphor, and use them for its own benefit. The aim of this experiment is to observe 
cyanobacteria growth and its capacity to remove contaminants from ponds. For that reason, as the 
reactor works approximately always in the same way, a mean was computed with the values 
collected during 135 days.  
In Table 9 there are the mean values of the contaminants presents in the effluent from the ponds 
(secondary treatment), the solution used to feed the PBR and the nutrients inside the PBR, as well 
as the 95% confidence interval associated with these values.  
Table 9. Nutrients present in the pond effluent, reactor feed and PBR 
Contaminants 
Pond Reactor feed PBR 
Mean 95% CI Mean 95% CI Mean 95% CI 
N-NH4+ 0,192 0,137 7,556 1,639 0,285 0,187 
N-NO2- 1,167 0,513 0,947 0,343 0,658 0,324 
N-NO3- 17,215 4,630 17,151 3,516 8,113 3,315 
P-PO43- 1,528 0,361 1,506 0,351 0,444 0,322 
IC 26,084 4,795 25,707 2,700 20,929 4,795 
TIN 14,791 7,277 26,858 4,436 9,456 4,098 
N/P 9,681 -- 17,838 -- 21,294 -- 
In order to analyse in which cases there are significant differences between the nutrients present 
in each of the process stages a one-way Anova statistical analysis has been done using the software 
GraphPad Prisma6. One-way anova is a statistical method used to compare the mean of three or 
more samples.  It tests the null hypothesis, which says that no variation exists between variables. 
This hypothesis is presumed to be true until statistical evidences nullifies it for the alternative 
hypothesis. The one-way anova allows to compute the p-value which indicates the evidence against 
the null hypothesis. A high value of p indicates a strong evidence of the null hypothesis, which 
means no statistical differences, a value of p≤0,05 means low significance (*), p≤0,01 medium 
significance (**), p≤0,001 high significance (***), p<0,001 indicates really high significances (****).  
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Figure 35 shows the concentration of the water contaminants present in the different process 
stages. In the case of ammonia, we can see that there are really significant differences between the 
reactor feed and the other two. So, the microorganisms present in the PBR are capable of eliminate 
the high ammonia concentrations present in the digestate. In the case of N-NO2- there are small 
significant differences between the ponds and the PBR, therefore not a high removal % of nitrites 
may be expected. Talking about nitrates, we can see that there are significant differences between 
the pond effluent, the reactor feed and the PBR. This means that PBR allows the removal of nitrates. 
Nitrogen can easily change from ammonia to nitrite or nitrate and vice versa. For this reason it has 
been also studied the total inorganic nitrogen (TIN), which is the sum of the total amoniacal nitrogen 
(TAN), the N-NO2- and the N-NO3-. It can be observed that there are really significant differences 
between the concentration of TIN in the feed and the concentration in the PBR. This demonstrates 
the microorganisms present in the PBR have a high capacity to remove inorganic nitrogen. 
Significant differences are also found with P-PO43-, so phosphor elimination is also possible with that 
system. For inorganic carbon there are no significant differences, but it should be remembered that 
this reactor is connected to a CO2 gas bottle that regulates the pH by CO2 injection, so an extra 
source of inorganic carbon is present that is not included in the calculation of the reactor feed. 
 
 
 
Figure 35. Nutrients present in the pond effluent, reactor feed and PBR. Indication of the statistical difference between bars. * p≤0.05 
low significance, ** p≤0.01 medium significance, *** p≤0.001 high significance, **** p<0.001 indicates really high significances. 
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Finally the degree of elimination of nutrients can be computed by (Eq. 25).  
𝐶𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑡𝑛 𝑒𝑙𝑖𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 [%] =
𝐶𝑓𝑒𝑒𝑑[
𝑚𝑔
𝐿
] − 𝐶𝑃𝐵𝑅[
𝑚𝑔
𝐿
]
𝐶𝑓𝑒𝑒𝑑[
𝑚𝑔
𝐿
]
· 100 
(Eq. 25) 
 
In Table 10 there are the obtained efficiencies. High elimination efficiencies are achieved by using 
this system as a tertiary treatment, especially in the case of ammoniacal nitrogen and phosphor.  
Table 10. Water treatment efficiencies 
Water treatment efficiencies 
N-NH4+ 96,2% 
N-NO2- 30,5% 
N-NO3- 52,7% 
P-PO43- 70,5% 
TIN 64,8% 
These process will be applicable in the urban wastewater treatment, if the obtained values meet 
the European directive 91/271/EEC [69].  In Table 11 there is a comparison between the obtained 
values and the limit values of Directive 91/271/EEC. The TSS are much higher than the limit ones. 
So, to apply this process as a substitute to the conventional wastewater treatment an extra process 
stage, such as decantation, is necessary to eliminate the suspended biomass. Table 11 shows that 
the soluble values are all below the limit of discharge. Therefore, if biomass is eliminated the 
resulting effluent will obey the law. Furthermore, the eliminated biomass is an interesting by-
product for the production of biofuels and bioplastics.  
 
Table 11. Comparison of the results with directive 91/271/EEC [69]. In red there are the values over the limit from the 
directive. In green the values below the limit values of the directive 
 
Directive 
91/171/CEE 
Total Soluble 
DQO [mg O2/L] 125 -- 61,36 
TSS [mg/L] 35 450 -- 
Total Phopsphor [mg/L] 2 -- 0,444 
Total Nitrogen [mg/L] 15 31,4 9,45 
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Not only contaminants have been removed but also cyanobacteria have been grown in the PBR. It 
has been found that the amount of volatile suspended solids is 0,369 ± 0,118 g/L and that there is 
a chlorophyll amount of 1,328 ± 0,333 mg/L which indicate the presence of photosynthetic 
microorganisms (microalgae and cyanobacteria). Figure 36 shows that in November the 
microorganisms present in the photobioreactor are mainly green algae of Scenedesmus sp. (a). 
Some cyanobacterias are observed but in small quantities (b). In January the presence of 
cyanobacteria becomes higher. The specie that dominates is Aphanocapsa sp. These cyanobacteria 
have been found either in completely isolated flocs (b) or in flocs with a high presence of green 
algae (c). Some other cyanobacteria species have been found such as Pseudanabaena sp. although 
they are present in a much lower quantity.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 36. Microscopy images from the 30L PBR culture A) and B) pictures are from November and c) and d) from January. A) Isolated 
cells from scenedesmus sp. Observed in phase contrast microscopy (x400). B) Floc mainly dominated by green algae. Observed in bright 
light microscopy (x1000). B) Floc completely dominated by cyanobacteria from Aphanocapara sp. observed in phase contrast microscopy 
(400x). c) Algal floc with a high presence of cyanobacteria from Aphanocapsa sp with some Pseudanabaena sp. Observed in phase 
contrast microscopy (400x).  
c) d) 
a) 
50 µm 50 µm 
b) 
10 µm 50 µm 
a) 
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Our group, in a previous study done by DM. Arias et al. [3] observed the effect of nitrogen, phosphor 
and inorganic carbon charges on the cyanobacteria dominance in a mixed culture of cyanobacteria 
and microalgae. In Table 12 the results obtained in this project are compared with the ones 
obtained in [3].  
 
Table 12. Comparison between  the main quality parameters of  [3] during the three experimental periods and the ones 
obtained in this project 
  Period 1 Period 2 Period 3 This project 
pH 8,1 8,4 8,6 8,01 
DO [mg/L] 8,8 6,8 6,4 8,68 
TSS [g/L] 0,52 1,05 0,49 0,45 
VSS [g/L] 0,41 0,84 0,39 0,37 
Biomass production [g VSS/d·L] 0,041 0,084 0,039 0,037 
Chlorophyll a [mg/L] 3,9 4,5 3,7 1,4 
Alkalinity [mg CaCO3/L] 92,5 112,3 224,4 185,9 
Total ammoniacal nitrogen (TAN) [mg/L] 0,3 0,3 0,16 0,29 
N-NO2-  [mg/L] 0,41 0,09 0,06 0,66 
N-NO3- [mg/L] 31,18 12,49 3,95 8,11 
Total inorganic nitrogen (TIN) [mg/L] 31,94 12,88 4,12 9,46 
P-PO43- [mg/L] 1,36 0,9 0,2 0,44 
TAN removal >95% <96% >95% 96% 
N-NO3- removal -- -- 91% 52% 
P-PO43- removal 44% 47% >95% 70% 
Lv-P [mg P/L·d] 0,28 0,23 0,16 0,15 
Influent N:P ratio 13 10 18 18 
 
The volumetric phosphor load and the influent N:P ratio obtained in this project approximate the 
ones of period 3. However, in this case the P-PO43- and the TIN present in the PBR are higher. This 
is caused by a low removal % of either nitrates or phosphates compared to period 3. A really low 
concentration of chlorophyll “a” is present in this project compared to any of the periods. That low 
chlorophyll content may explain the low removal % as there are less photosynthetic 
microorganisms than in the other cases. Although the phosphor content in this project is higher 
than in period 3 the biomass production is similar, but the quantity of cyanobacteria present is more 
like the one from period 1. Nevertheless, it seems that the culture is changing towards 
cyanobacteria domination. So, if feed conditions are maintained period 3 will be likely achieved. It 
should be also taken into consideration that the initial culture is mainly dominated by 
scenedesmus sp. this microalgae is a high competitor of cyanobacteria even when low phosphor 
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charges are applied. For that reason it is interesting to study other ways to select cyanobacteria, 
as done in 7.2.2.  
As a conclusion, it can be said that this kind of system can be used as a tertiary wastewater 
treatment as they are capable of eliminate 65% of the total nitrogen and a 70% of the phosphor. 
However, decantation of the biomass is necessary for this process to be used as substitute of 
conventional wastewater treatment.  At the same time, it have been seen that cyanobacteria use 
these contaminants as nutrients and proliferate. The major problem is that there are many 
microorganisms that compete with cyanobacteria. It have been seen that low levels of phosphor 
enhance the cyanobacteria culture doninance. However, scenedesmus sp are high competitors 
even in low phosphor levels. For that reason, it is interesting to study other techniques that may 
enhance the selection of cyanobacteria in front of other microorganisms.  
7.2. 3L Vertical cylinder reactors 
These section include the main project results. The first part shows the results of the experiments 
done in order to find the best nutrients and light conditions to accumulate PHB and carbohydrates. 
In the second part there are the results of applying different reactor operations to observe which 
one causes a higher cyanobacteria selection. 
7.2.1. Optimal nutrients and light conditions for PHB and carbohydrates accumulation 
To understand which conditions favour the PHB and carbohydrates accumulation it is important to 
observe how the culture changes with time. For that reason different analysis have been done as 
explained in 6.3.2. In order to make the results interpretation easier a colour code has been 
established for all the graphics and tables:  
Table 13. Colour code legend 
12
h
 
lig
h
t P-limitation   
N-limitation   
24
h
 
lig
h
t P-limitation   
N-limitation   
Dissolved oxygen (DO) is an indicator that photosynthetic microorganisms are present in the 
culture. Dissolved oxygen measurements were done daily during the 15 experimental days. In the 
case of 12 h light culture it was measured after the dark phase.  Table 14 show the mean dissolved 
oxygen values obtained after 15 experimental days. 
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Table 14. Dissolved oxygen results 
12h light 24h light 
N-limited P-limited N-limited P-limited 
6,18 ± 0,28 mg/L 6,56 ± 0,27 mg/L 7,07 ± 0,71 mg/L 7,60 ± 1,09 mg/L 
From Table 14 it is observed that 24h light culture have a higher DO concentrations. However, these 
results are not conclusive as oxygen was not continually monitored, on the contrary in the 12h light 
culture, oxygen was measured after the dark phase were the oxygen concentration decreases due 
to the fact that photosynthetic activity is almost stopped while cellular respiration remains constant 
increasing thus the DO consumption/DO production ratio. Some measurements has been done at 
the light phase getting values up to 8 mg/L. 
To observe how the culture population is changing microscopic observations and reactor pictures 
have been done. Table 15 shows that in all the cases the initial culture is formed by a mixed algae 
and cyanobacteria population. Cyanobacteria can be distinguished from green algae for its blue 
greener colour. In this case all the cyanobacteria found in the four cultures were mainly composed 
by Aphanocapsa sp.. Both 12h and 24h light cultures show that when the culture is limited from 
nitrogen the cyanobacteria and green algae loss its pigments due to chlorosis. That is why the 
culture turns to yellow. In the case of 24h light cultures it can be seen that this changes occur quicker 
than in the case of the 12h light culture. In day 4 the cellules from the N-limited 24 h light culture 
have already lost its pigments while in the case of N-limited 12h light that does not occur until day 
12. That can be explained by a metabolism change during the dark hours. Cyanobacteria perform 
photosynthesis and respiration at the same time [70]. However, when no light is present the 
photosynthesis is stopped. Thus, the NADPH and ATP needed to maintain the cell alive, is 
synthesized almost only by the catabolism and cell respiration. Not enough energy and reducing 
power is present for the cell to reproduce. So the growth is reduced during the darkness hours and 
thus culture depigmentation is slower. In the case of the phosphorous limited cultures the 
cyanobacteria population increases until a point in which nitrogen quantity is really low.  
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Table 15. Microscopy and reactor pictures 
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It is not enough with microscopic observations to see how the culture is changing. Different analysis 
has been done to see the culture growth.   
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Figure 39. Total organic carbon (TOC) 
In Figure 37 and 38 there are the results of the total and volatile suspended solids and in Figure 39 
the ones for the total organic carbon. As there is no soluble organic matter, an increase in TOC 
indicates that microalgae and cyanobacteria are growing. Those results must be compared with the 
volatile suspended solids as they are the ones corresponding to organic matter.  It can be seen that 
either TOC or VSS analysis in the 24h light cultures the growth is stabilized from day 9. On the 
contrary in the 12h light cultures the N-limited achieves steady state at day 12 and P-limited culture 
maintain its growth all the experimental time. Those differences between 12h and 24h light 
correspond to the metabolic changes during the darkness hours as previously explained. 
An increase in either TOC or VSS could mean an increase on the quantity of cells in the culture or 
just that the cells are accumulating components. For that reason, chlorophyll measurements can 
be used to make a prediction of which of this two options is happening. If chlorophyll remains stable 
but VSS or TOC increase will mean that some components are been accumulated inside the cells. If 
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Figure 38. TSS and VSS for 24h light cultures 
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Figure 37. TSS and VSS for 24h light cultures 
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both chlorophyll, VSS and TOC increases will mean an increment of the photosynthetic 
microorganisms population which may also cause an increase on the PHB or carbohydrates 
concentration. If chlorophyll decreases but VSS remains constant will mean a loss in the cellular 
pigments. This process is known as nitrogen chlorosis and has been demonstrated that has not to 
be accompanied by the loss of cell viability, it is just an acclimation process that enable the cells to 
survive prolonged periods without nitrogen. Chlorophyll “a” contains nitrogen that can be used as 
an intracellular nitrogen source. Furthermore, the protein anabolism is stopped due to a lack of the 
nitrogen necessary for the amino acid synthesis.  For that reason cells stays in a dormant-like state 
until an addition of nitrogen is done [71], [72]. Finally, if both chlorophyll and VSS decreases it will 
mean that there is cellular death.  
 
Figure 40. Chlorophyll and VSS 12h light cultures 
 
Figure 41. Chlorophyll and VSS 24h light culture 
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In Figures 40 and 41 it can be seen the chlorophyll “a” concentration compared to the volatile 
suspended solids. In the P-limited cultures both chlorophyll and VSS follows an increasing tendency. 
That means that the photosynthetic microorganisms present in the culture are growing. The 24h 
light culture reaches saturation earlier than the 12h light culture. On the contrary, the chlorophyll 
in the N-limited cultures drastically decreases up to almost 0 mg/L levels while VSS remain more or 
less stable. That confirms that in both cases chlorosis is taking place due to the lack of nitrogen. 
A really important nutrient either for the PHB and carbohydrates accumulation is inorganic carbon. 
It is necessary for the PHB and glycogen synthesis that inorganic carbon is never limited. For that 
reason it is very important to control and add inorganic carbon whenever it is necessary.  
  
 
 
 
 
 
 
The peacks observed in the graphs from figures 42, 43, 44 and 45 correspond to an addition of 
bicarbonate. This additions has been done when a low inorganic carbon level was detected. In the 
case of 12 h light cultures high inorganic carbon consumption was observed until day 5. It can also 
be observed that there is some flat parts between the picks. Those parts correspond to the darkness 
hours when photosynthesys is almost stopped so no carbon is fixed. In 24h light cultures the 
0
50
100
150
200
250
300
350
1 3 5 7 9 11 13 15
m
g/
L
days
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Figure 45. Inorganic carbon concentration N-limited culture 24h 
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consumption rate is higher, although in the N-limited culture the consumption rate also decreases 
at day 7. The higher consumption of inorganic carbon by the 24h light cultures is due to the fact 
that they are all the time fixing CO2 in the Calvin cycle due to the continue presence of light.  
Finally, after seeing how the culture parameters have evolved during the experiment it is time to 
see which conditions allows accumulating more PHB and carbohydrates. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 16. Maximum carbohydrates and PHBs concentration levels 
 
 
 
 
 12h light 24h light 
 N-limited  P-limited  N-limited  P-limited  
Max Carbohydrates 
concentration [mg/L] 
838,056 432,131 641,310 662,382 
Max  PHBs 
Concentration [mg/L] 
61,614 76,361 51,635 104,234 
Figure 46. Carbohydrates concentrations 12h light experiments 
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Figure 47. Carbohydrates concentrations 24h light experiments 
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Figure 49. PHBs concentrations 24h light experiments 
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Figure 48. PHBs concentrations 12h light experiments 
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In the case of carbohydrates a maximum is achived at day 12 with 12h ligh cultures and at day 8 in 
the case of 24h light cultures. In the case of PHBs in the 12 h cultures a maximum is not reached, so 
probably a highest concentration of PHBs can be achived if the experiment is maintained for longer. 
In the 24h light culture a maximum has been reached at day 8, after that day the PHB levels become 
stable. In the case of carbohydrates the culture conditions that get a highest accumulation levels 
are 12h light and nitrogen limitation. For PHBs 24h light and phosphorous limitation are the 
conditions that get highest accumulation levels. It can be said that the nitorgen limitation seems to 
enhance the carbohydrates acumulation more than phosphor limitation. However, phosphor 
limitation seems to enhance the PHBs accumulation. The role of PHBs in cyanobacteria is not really 
clear as these microorganisms lacks of a complete tricarboxylic acid cycle, so depolymerization of 
PHB can play only a minor role for energy production [16]. As explained in 3.2 different metabolic 
explanations has been found for why either nitrogen or phosphorous limitation conditions can 
enhance PHBs accumulation. It seems that the effect of nitrogen and phosphor is specie dependent. 
In this case it seems that the decreas in ATP due to the phosphor limitation and the surplus of 
reducing power generated has a highest effect on the PHB accumulation that the inhibition of the 
aminoacid synthesis due to nitrogen stravation. However, the inhibition of aminoacid synthesis 
seems to be more determinant for the carbohydrate accumulation.  
Finally, in order to choose the best working conditions some key performance indicators (KPI) has 
been defined. A key performance indicators are a set of quantifiable measures that indicates the 
performance over time of a process. The defined KPIs are the following ones: 
 Environmental index: In this case inorganic carbon has been added in the form of 
carbonate because there was not a CO2 injection system available. However, it must be 
remembered that CO2 can be used instead of carbonate as an inorganic carbon source and 
instead of chlorhydric acid in order to control the pH. For that reason it is important to 
know how much inorganic carbon (CO2) is consumed. With that index it can be 
approximately seen the capacity of each system to convert CO2 into other interesting cell 
constituents and thus it can be observed how good the system conditions are as a carbon 
capture and storage (CCS) technology. The environmental index can be computed as 
follows: 
Environmental index [%]
=  
Inorganic carbon added [
mg
L
]
Final conc PHB [
mg
L
] + Final Conc Carbohydrates [
mg
L
] 
· 100 
Eq. 26 
 
 Economic index: it is impossible to have a culture of 24h using natural light, so it will be 
necessary to spent some energy to illuminate the culture at least 12 hours per day.  In order 
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to see If the money wasted in illumination is economically reasonable this economic index 
was used. The economic index considers the benefits of selling the PHB and biodiesel 
produced without taking into account the extraction and biorefinery costs as they will be 
the same for all the culture conditions. The economic index can be calculed with the 
following equation: 
Economic index [
€
L
]
=  conc PHB [
kg
L
] · Price PHB [
€
kg
] + Conc carbohydrates [
kg
L
]
· Price carbohydrate [
€
L
] − 60W · 2 · illumination hours [h]
· Price energy [
€
kWh
] 
(Eq. 27) 
The concentration of either PHB or carbohydrates refers to the final concentration minus 
the initial concentration. This is done in order to put all the concentration with the same 
base reference. As if you start from a higher base it is really probable that you get a higher 
final concentration. 
The considered prices are the following ones: 
Table 17. Considered prices for the economic index 
Bioethanol price 0,41 €/kg http://bit.ly/2p7cRF0 
PHA price 5,00 €/kg http://bit.ly/2q24Le2 
Energetic costs 0,10 €/kWh http://bit.ly/1CK8QD2 
Finally, the values get for the indicators are summarized in Table 18: 
Table 18. KPI results  
 
The culture conditions that allows a highest carbon fixation is the 24h light limited from phosphor. 
It also seem that the P-limited cultures are more efficient in the carbon fixation and conversion into 
profitable components. Looking the economic index it can be clearly seen that expending extra 
money in illumination does not compensate the benefits generated by selling the components. The 
culture conditions that generate more benefits is the 12h light limited from phosphor.  
Finally, after analysing all the obtained results and taking into account the KPIs. It can be said that 
in this case the optimal cultivation conditions found are 12h light with phosphor limitation. 
 12h light 24h light 
 N-limited  P-limited  N-limited  P-limited  
Environmental index [%] 144% 214% 195% 223% 
Economic index [€/L] 3,839·10-4 4,194·10-4 -2,225 -2,224 
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Although the 24h light P-limited culture has a highest carbon conversion efficiency, the value from 
the culture with 12h light is really similar. Furthermore, using just 12h illumination makes this type 
of culture suitable for external cultivation, making sun the sole energetic source necessary. Even 
though the N-limited culture is capable of accumulating more carbohydrates the economic benefit 
that generates the PHB selling is higher than that from carbohydrates, so at the end it is preferable 
that PHBs concentration to be as high as possible.   
 
7.2.2. Selection of cyanobacteria 
In the used system there is a huge competence between different microorganisms born in 
wastewater, such as cyanobacteria, green algae or protozoa. To produce more PHB it is interesting 
to have a culture dominated by cyanobacteria, as they are the unique ones capable of accumulating 
PHB in such conditions. For that reason 4 reactor operation have been set in order to best select 
cyanobacteria. The reactor operation tried are presented in Table 19: 
 
Table 19. Colour code and characteristics of the different analysis done 
Continuous 
HRT: 10 days 
SRT: 10 days 
 
Semi-Continuous 
HRT: 10 days 
SRT: 10 days 
 
Sequencing batch 
reactor 1 (SBR1) 
HRT: 2 days 
SRT: 10 days 
 
Sequencing batch 
reactor  (SBR 2) 
HRT: 2 days 
SRT: 5 days 
 
In the previous experiment it was observed that 12h light culture with phosphorous limitation are 
the preferable cultivation conditions. The effluent of the high rate algae ponds is rich in nitrogen 
and scarce from phosphorous. So small phosphor charges could be achived and at the same time 
the production of PHB and carbohydrates can be joined with the wastewater treatment.  
In this experiment daily microscopic observations have been done in order to observe which of the 
systems have more cyanobacteria. In Table 20 there are some relevant microscopic images done 
during the experiment. Two types of microscopes have been used in this experiment. The optical 
microcop and the fluorescence microscop. The fluorescence is used to detect cyanobacteria as they 
have phycocyanin pigment which emites fluorescence when iluminated at 650 nm. In Table 20 
there are the pictures of the microscopic observations. The black and white images correspond to 
fluorescence microscope.
Effect of nutrient limitation and light in the production of polyhydroxybutyrates and glycogen by cyanobacteria cultivated in wastewater   
  67 
Table 20. Microscopic observations 
 
 
Day 1 2 3 6 7  8 10 15 
Date 08/03/2017 09/03/2017 10/03/2017 13/03/2017 14/03/2017 15/03/2017 17/03/2017 22/03/2017 
 
Continuous 
 
 
 
 
 
   
Semi-
continuous 
 
 
 
    
 
SBR1 
  
 
    
 
SBR2 
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16 17 20 22 24 29 30 31 
23/03/2017 24/03/2017 27/03/2017 29/03/2017 31/03/2017 05/04/2017 06/04/2017 07/04/2017 
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The microscopic observations show that firstly the cyanobacteria percentage was low. The main 
cyanobacteria species found are Aphanocapsa sp. and Croococcus sp.  In the next experimental days 
the cyanobacteria population increases in all the systems, being the continuous reactor the one 
with a higher percentage. From day 4 to 7 the population of cyanobacteria in the SBRs systems 
decreases and the culture starts to die. Protozoa appear in these systems. In the case of continuous 
and semi-continuous culture the cyanobacteria presence remains at around a 30% of the culture 
population. This percentage is maintained till the end of the experiment. However, the green algae 
Scenedesmus sp. population increases in these reactors. 
From day 7 to 16 the cyanobacteria population in the continuous reactor starts to increase being 
the system with a highest population of cyanobacteria. In the case of semi-continuous reactor the 
percentage of cyanobacteria remain constant although the Scenedesmus population increases. In 
the case of SBR reactors there is an increase of the presence of flagellated microorganisms (bacteria 
and protozoa). The cyanobacteria percentage is really low. SBR 1 is the SBR with a higher percentage 
of cyanobacteria. 
At day 16 due to a problem with the acid dosage in the continuous reactor the pH decreases to 2. 
In this moment the majority of the microorganisms in this culture die.  At this point this system 
cannot be anymore compared with the others. However, 2 days after normal pH is recuperated the 
culture recovers its green colour and the green algae becomes the main microorganism, 
demonstrating their survival capacity. In the case of semi-continuous reactor Scenedesmus sp. 
population follow their grow taking finally the place of cyanobacteria which decreases in quantity. 
In SBRs the cyanobacteria population follows decreasing becoming less than a 5% of the present 
microorganisms. There are almost no Scenedesmus present in those kind of reactor, however, the 
presence of other green algae species is really high. 
As a sum up it can be said that semi-continuous and continuous reactors are the ones with a higher 
quantity of cyanobacteria. Semi-continuous system is able to maintain a high presence of 
cyanobacteria during all the experiment.  However, at the end of the experiment the scenedesmus 
sp. present in this system starts competing with the cyanobacteria for the culture dominance. 
Protozoa have been observed in all the reactors, although its presence is higher in SBRs. 
Cyanobacteria presence in SBRs is really low.  
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In the next graphics there are the chlorophyll and volatile suspended solids results.  
 
Figure 52, Figure 53, Figure 50 and Figure 51 show that chlorophyll and VSS have approximately the 
same tendency which means that an increase on the VSS is caused by an increase in the 
photosynthetic microorganisms. The VSS and Chlorophyll remain more or less constant in all the 
cultures except for the SBR1. In SBR1 there is an increase in the VSS and the chlorophyll. No increase 
in the cyanobacteria population has been observed in the microscopic analysis, so that rise can only 
be explained by an increase in the green algae population.  
Some of the microorganisms present in SBRs are eliminated with the supernatant (see Operation 
of the photobioreactors). It is found that this quantity is around a 14% in SBR1 and a 15% in SBR2. 
This is a quite small quantity which can be neglected when computing the solid retention time.  
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Figure 50. VSS and Chlorophyll results for SBR2 system 
0,0
0,2
0,4
0,6
0,8
1,0
0,0
0,5
1,0
1,5
2,0
2,5
3,0
1 6 11 16 21 26
V
SS
 [
g/
L]
C
h
lo
ro
p
h
yl
l [
m
g/
L]
days
Chlorophyll SBR1 VSS SBR1
Figure 51. VSS and Chlorophyll results for SBR1 system 
Figure 53. VSS and Chlorophyll results for Continuous system 
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Figure 52. VSS and Chlorophyll results for Semi-continuous system 
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In this experiment it is required to coordinate the wastewater treatment with the production of 
PHBs and carbohydrates. So, the culture medium is not an artificial medium as in the previous 
experiments otherwise it formed for water from the ponds and digestate from the anaerobic 
digesters. For that reason it is important to study the nutrients present in the culture 
.  
Table 21. Summary of the nutrients present in the culture 
 Continuous Semi-Continuous SBR1 SBR2 
Lv- PO43- [mg/d·L] 0,098 0,098 0,492 0,492 
P-PO43- [mg/L] 1,001 ± 0,755 1,234 ± 0,627 1,165 ± 0,737 1,067 ± 0,559 
TAM [mg/L] 5,419 ± 3,450 4,096 ± 3,004 3,710 ± 2,475 2,821 ± 1,919 
N-NO2- [mg/L] 3,625 ± 1,190 3,893 ± 1,807 4,536 ± 2,742 7,258 ± 4,560 
N-NO3- [mg/L] 7,748 ± 1,566 11,679 ± 3,593 9,234 ± 3,173 10,343 ± 3,809 
TNsoluble [mg/L] 25,112 ± 2,55 33,173 ± 3,411 40,973 ± 4,507 46,790 ± 3,818 
N/P 25 27 35 44 
TOCsoluble [mg/L] 50,676 ± 6,274 46,984 ± 5,002 54,067 ± 11,839 49,546 ± 155,985 
IC added [mg/L] 150 300 50 50 
In Table 21 there is a summary of the most important nutrients present in the culture. In the case 
of phosphor it can be seen that the mean values are pretty high in all the cases. No limitation of 
phosphor is obtained by using water from the ponds. This predicts a low accumulation level of PHB 
and Carbohydrates.  As seen in [3] volumetric loads of phosphor >0,28 mg P/d·L lead to low 
cyanobacteria concentrations and green algae dominated cultures. In the case of SBRs the 
phosphor volumetric load is much higher than 0,28 mg P/d·L. This can explain the low presence of 
cyanobacteria in this systems. A solution to reduce the load of phosphor in those reactors could be 
increase the HRT. If a higher hydraulic retention time is implemented the daily introduction of 
phosphor in the reactor will be reduced as less volume is replaced every day.  There is also a high 
quantity of dissolved organic carbon in all the systems. This high presence of solved organic carbon 
may allow protozoa and heterotrophic bacteria living in this medium.  
In SBRs although their amount of photosynthetic microorganisms is higher than in continue and 
semi-continue reactors the inorganic carbon consumption is much lower. That indicates that 
cyanobacteria and green algae have not a good access to inorganic carbon. It is probable that the 
selection of cyanobacteria in SBRs would work better if a lower SRT is applied. Lower SRT will lead 
to lower organic charges, eliminating thus the presence of heterotroph microorganisms and 
allowing a better access to nutrients by cyanobacteria.  
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Finally, the PHB and carbohydrates accumulated by these cultures have been studied. In Figure 54 
and Figure 55 there are the obtained results: 
 
 
 
 
 
 
 
 
 
 
Table 22. Maximum concentration values 
 Max PHA [mg/L] Max Carbohydrates [mg/L] 
Continue 2,03 78,77 
Semi-continue 2,29 62,97 
SBR1 6,59 140,40 
SBR2 2,26 123,91 
P-limited 12h light 76,361 432,131 
 
Table 22 shows that the culture that accumulates more PHB and carbohydrates is SBR1 which have 
a solid retention time of 10 days. As previously observed this reactor is the only one that have a 
growing tendency in both VSS and chlorophyll. This tendency can explain the increase in the 
carbohydrates content, as if microorganismspopulation increases there will be more 
microorganisms accumulating carbohydrates. In the case of PHB there is an unexpected peak at day 
17. Microscopic observations show that SBR1 is the SBR with a higher cyanobacteria content, which 
can explain that this reactor had a higher PHB concentration than SBR2. However, Semi-continuous 
reactor has a higher quantity of cyanobacteria, so this accumulation peak can only be explained by 
the presence of heterotrophic bacteria.  
Figure 55. PHBs concentration during the experiment 
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Figure 54. Carbohydrates concentration during the experiment 
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Although SBR1 is the one with higher accumulation amounts, the maximum achieved 
concentrations are much lower than in previous experiment as seen in Table 22 . This is because of 
the fact that cyanobacteria start to accumulate when the culture is completely depleted from 
phosphor [16]. If water from ponds wants to be used as culture medium a previous phosphorous 
elimination process should be done. New technologies that use nanocomposite magnetic particles 
functionalized with ZnFeZr-adsorbent are being investigated to efficiently and inexpensively 
eliminate and recover phosphates which can be afterwards used as fertilizers [73].  
Finally, the maximum PHBs accumulation levels obtained in all this project have been compared 
with the ones obtained under photoautotrophic growth conditions in other articles.  Table 23 shows 
that the dry cell percentage found in this project when using an artificial culture medium is around 
the ones obtained in other articles. It should be notice that the other articles use cultures formed 
by a unique cyanobacteria strain. So there are no other species competing by the nutrients. 
However, in this project the used biomass is formed by wastewater-born species, therefore there 
is a huge competition between cyanobacteria and other microorganisms, such as green algae. For 
that reason it can be concluded that the obtained results with the BG11 medium are pretty good in 
comparison with other articles. Nevertheless, the % obtained when using water from the ponds is 
much lower than in other articles. For that reason, more research is needed on how to eliminate 
cyanobacteria competitors. An improvement of the wastewater treatment process is also necessary 
in order to completely eliminate the phosphor present in the ponds effluent, to reach high 
accumulation levels. 
 
Table 23. Comparison of the dry cell weigh % accumulation of PHBs 
 Dry cell weight %  medium Reference 
Mixed culture (SBR1) 0,50% Ponds Effluent This project 
Mixed culture (P-limited 
12h light) 
5,62% 
K2HPO4 free BG11 
medium 
This project 
Spirulina platensis 6% Artificial medium [31] 
Spirulina maxima 1,2% 
Mineral medium 
devoid of 
phosphorous 
[16] 
Nostocmus- 
corumNCCU- 442 
6,44% 
NaNO3 free BG-11 
medium 
[37] 
Synechococcus  
sp. PCC7942 
1% 
NaNO3 free BG-11 
medium 
[74] 
Aulosira fertilissima 6,4% BG-11 Medium [75] 
Synechocystis sp. PCC 
6803 
11,2% 
K2HPO4 free BG11 
medium 
[76] 
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8. Environmental analysis 
The production of PHA by wastewater born cyanobacteria is in general an environmentally friendly 
process as the whole process is capable of consume CO2 while they treat water without using any 
chemical, accumulate PHB and carbohydrates which are also economically and environmentally 
interesting products.  
Although the general process is environmentally friendly, it should be remembered that there 
always exists a risk for the manipulator since wastewater which can contain pathogen 
microorganisms are treated. Furthermore, the chemical analysis done to control the culture use 
some dangerous substances, both for the environment and human health. For that reason some 
rules should be followed to avoid accidents and cause the minimum damage to the environment. 
This part summarizes the security rules and the precautions that should be followed in order to 
avoid possible laboratory accidents: 
 Use the personal protective equipment (PPE), nylon gloves, laboratory glasses and lab coat.  
 Correct labeling of the prepared solutions, products and ongoing experiments.  
 Do not eat or drink in the laboratory. 
 It should be known where are placed the emergency systems: extinguishers, showers, eye 
washes.  
 Maintain clean and ordered the working space. In this laboratory as microorganisms from 
waste water are used it is necessary to clean the laboratory tables with bleach twice a 
week, in order to avoid contamination of the samples and human infection by pathogen 
microorganisms that could be present in wastewater.  
 Clean your hands after working in the laboratory. This rule is very important to protect you 
against possible infections due to pathogen microorganisms from wastewater.  
 Before using a chemical substance the safety data sheet should be read. All the substances 
should be stored and manipulated as indicated in the safety data sheets (Annex 3)  
 The substances that emit toxic vapors should be manipulated under fume hoods. In this 
project this should be done for the following analysis: 
o  Carbohydrates analysis as concentrate sulphuric acid is used. 
o  Ammonia analysis due to phenol. 
o COD due to the potassium dichromate and sulphuric acid. 
o PHB quantification analysis due to chloroform.  
 The generated residues should be deposited in the appropriate drum, for their subsequent 
treatment.    
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9. Conclusions 
From the bibliographic review carried out and the experimental results obtained in this project the 
following conclusions can be deduced: 
 The conventional wastewater treatment consist of 4 stages: pre-treatment, primary 
treatment, secondary treatment and tertiary treatment. High rate algae ponds (HRAP) can 
be used as an alternative secondary treatment. They are simpler and cheaper than 
activated sludge. 
 
  Cyanobacteria are prokaryotic microorganisms capable of accumulating 
polyhydroxybutyrates and carbohydrates under photoautotrophic conditions. It has been 
found that nitrogen limitation changes the metabolism towards lipid and carbohydrates 
accumulation. Furthermore, the reduction of the amino acid synthesis causes the 
remaining NADPH to be converted into PHB. In the case of phosphor limitation it has been 
found that low levels of inorganic phosphor enhance glycogen accumulation. Moreover, 
the phosphor limitation causes a surplus of NADPH that is thought to turn on into PHB 
accumulation.  
 
 There are two different types of photobioreactors: open and closed. Open ones are 
cheaper and easier to maintain. However, they suffer from contamination. On the contrary, 
the closed photobioreactors can be easily controlled and they reduce the contamination 
problems, but they are more expensive. Closed reactors can be operated in different ways: 
Continuous, semi-continuous, batch and sequencing batch reactor (SBR). 
 
 The 30L photobioreactor is able to eliminate contaminants present in wastewater as it 
eliminates a 65% of the total inorganic nitrogen and a 70% of the phosphor. However, to 
substitute conventional wastewater treatment by this process it is necessary to eliminate 
the photobioreactor biomass by decantation. Cyanobacteria are able to grow in this kind 
of systems by using wastewater contaminants as a feed. The main problem is the 
competence with other microorganisms. To reduce it, low phosphor charge must be 
introduced.   
 
 Nitrogen limitation enhance glycogen accumulation and phosphor limitation enhance PHB 
accumulation. 24h light and phosphor limitation is the system which reach higher PHB 
concentrations (104,23mg/L). Nevertheless, the economic KPI indicates that the generated 
benefits do not compensate the 24h illumination costs. Therefore, the optimal cultivation 
conditions are phosphor limitation and 12h light.  
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 The reactor operation that produce a higher increase of cyanobacteria presence are semi-
continuous reactor. Sequencing batch reactors seems to have a high potential in the 
cyanobacteria cultivation. However, lower solid retention times should be applied to 
reduce the organic charge and thus decrease the presence of heterotroph microorganisms. 
Furthermore, an extra process stage is necessary to limit the phosphor from the ponds 
effluent, thus high PHB and glycogen concentrations will be possible. 
 
 Cyanobacteria culture is a potential feasible method in the waste water treatment that 
provide PHB and glycogen as subproducts with possible worthwhile cost-benefits in the 
application to biodegradable plastics and bioenergy production if an adequate 
development is achieved. 
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10. Economic analysis  
10.1 Materials and equipment costs 
The materials and equipment costs refers to all the equipment, reagents and material used to realize 
all the experiments and analysis. It was divided into fungibles, reagents, laboratory equipment and 
reactors.  For each of these categories an approximate shelf life has been established in order to 
compute the inversion amortization. The amortization can be computed as: 
𝐴𝑚𝑜𝑟𝑡𝑖𝑧𝑎𝑡𝑖𝑜𝑛 [
€
𝑦𝑒𝑎𝑟
] =
𝐴𝑑𝑞𝑢𝑖𝑠𝑖𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡𝑠 [€]
𝑆ℎ𝑒𝑙𝑓 𝑙𝑖𝑓𝑒 [𝑦𝑒𝑎𝑟𝑠]
 
(Eq. 28) 
All the prices for the material and equipment costs were taken from Fisher Scientific catalogue except 
in the case of the reactors.  
10.1.1. Fungibles 
The UPC Manual de gestió econòmica  [77] defines as a fungible anything that is consumed with it use 
or which have a shelf life lower than a year. In Table 24 there is the fungible material used in this 
project: 
Table 24. Fungibles costs 
Fungibles 
Material Characteristics Quantity unit price (€/kg) Total price 
Electronic pipete Tip 
5mL 500/bag 1 82,4 82,4 
1000 μl 1000/bag 1 20,27 20,27 
Ependorf tub 1000 units/bag 1 36,8 36,8 
Glass pasteur 
pipetes 
1000 units/bag 1 42,81 42,81 
Storage plastic 
bottles 
500 mL 10 
units/bag 
3 46,8 140,4 
Microscope slides 50 units 2 5,25 10,5 
Microscope glass 
coverslips 
100 units 1 8,7 8,7 
Beakers 
100 mL 10 4,194 41,94 
150 mL 3 4,69 14,07 
500 mL 1 6,95 6,95 
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Plastic beakers 500mL 3 3,55 10,65 
Filter flask glass 2L 2 91,36 182,72 
Burete 25mL 1 46,9 46,9 
Cylinders 
25mL 1 7,175 7,175 
50mL 1 11,385 11,385 
100mL 1 7,9 7,9 
Volumetric flask 
50 mL 5 6,97 34,85 
100mL 1 7,03 7,03 
500mL 1 15,2 15,2 
1L 1 22,875 22,875 
Erlenmeyer 100mL 10 4,903 49,03 
Spatula 
9x130 mm 1 2,44 2,44 
Microespatula 
spoon shaped 5x9 
mm 
1 4,26 4,26 
en forma de 
cuchara 5x130 
1 1,83 1,83 
Pliers  1 16,63 16,63 
Water wash bottle 500 mL 2 4,95 9,9 
Acetone flasks 250mL 1 9,0375 9,0375 
Cubetes Optical glass 2 56,95 113,9 
Xeringe 0,5mL glass 1 153 153 
Pipette 
25mL aforate 1 9,05 9,05 
50 mL aforate 1 11,05 11,05 
TOTAL 1131,66 
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10.1.2. Reagents 
The reagents costs are the costs of buying the substances necessary to do the analysis and prepare the 
culture medium. No amortization was considered in this case, as the reagents will be completely 
expended during the project. 
Table 25. Reagents costs 
Reagents 
Reagents Characteristics Quantity unit price (€/kg) Total price (€) 
NaNO3 1L 1M 1 28,04 28,04 
K2HPO4 250g 99+% 1 24,2 24,2 
MgSO2·7H2O 500 g 1 44,1 44,1 
CaCl2·2H2O 500 g 1 17,1 17,1 
Citric acid 250 g 99% 1 15,2 15,2 
Ammonium ferric citrate green 16,5-18,5% Fe 250g 1 27,9 27,9 
EDTANa2 1L 0,1M 1 45,16 45,16 
Na2CO3 500 g 99,6% 1 26,6 26,6 
H2BO3 500 g 99,6% 1 24,6 24,6 
MnCl2·4H2O 100 g 99+% 1 15,7 15,7 
ZnSO4·7H2O 500g 99% 1 27,2 27,2 
Na2M0O4·2H2O 100 g 98% 1 27 27 
CuSO4·5H2O 500g 1 23 23 
Co(NO2)2·6H2O 25g 98% 1 26,8 26,8 
Potassium dichromate 50g 99,5% 1 12,7 12,7 
Sulphuric acid 1L 95-98% 1 72,21 72,21 
Ag2SO4 1L 10g/L 1 82,5 82,5 
Chlorhydric acid 1L 37% 1 29,9 29,9 
Acetone 2,5L extra pure 1 59,45 59,45 
Magnesium carbonate 500g extra pure 1 27,5 27,5 
Sodium nitroprusside 100g 1 64,7 64,7 
Sodium citrate 500g 1 15,9 15,9 
Sodium hydroxide 1Kg 1 21 21 
Bleach 5L 1 1,19 1,19 
ammonia 1L 25% 1 27,25 27,25 
Heptadecane 100mL 99% 1 86,1 86,1 
Chloroform 500mL 99+% 1 37,15 37,15 
Phenol 500g 99+% 1 32,5 32,5 
TOTAL 942,65 
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10.1.3. Laboratory equipment 
The laboratory equipment are all the instruments and machines necessary to do the analysis. These 
equipment is considered to have a long shelf life of approximately 10 years.  
Table 26. Laboratory equipment costs 
Laboratory Equipment 
Material Characteristics Quantity 
unit price 
(€/unit) Total price (€) 
Agitator 
Model AGE 4 238 952 
RT Basic Magnetic 
Stirrers 
2 136 272 
Digester ECO25 1 1065 1065 
Anion 
chromatograph 
Dionex ICS 1500 IC 1 14999 14999 
gas chromatograph 
G4350A AGILENT 
7820A GC SYSTEM 
1 12841,5 12841,5 
TOC analyser 
multi N/C® 2100/2100 
S 
1 12000 12000 
Polytron 
KINEMATICA 2500E 
Homogenizer 
1 1337 1337 
Oven 
Memmert™ 400 x 560 
720mm  
1 2152,22 2152,22 
Muffle Thermolyne 2,1L 1 1350 1350 
pH electrode  5 157 785 
pH measurer  1 444 444 
pH controller  4 1320 5280 
conductivity meter Hanna Instruments 1 373 373 
Nephelometer  1 885 885 
Dissolved oxygen 
electrode 
 1 860 860 
Centrifuge  
Sorvall™ ST 8 4 x 
145mL (with TX-150 
rotor), 6 x 50mL (with 
HIGHConic III rotor) 
1 2081 2081 
DQO reader Range: 0 to 150mg/L 1 790 790 
Microscope 
Motic™ BA310 
Trinocular Microscope 
1 1922 1922 
Fluorescence 
Microscope 
OXION OX.3067 1 6406,95 6406,95 
Computer 
Lenovo Ideapad IP700-
15ISK, I7-6700HQ, 8 GB 
RAM, GTX 950M 
5 744 3720 
Spectrophotometer   1 12195 12195 
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Analytic Balance Max 210g 1 1235 1235 
Peristaltic bombe Fisherbrand™ FH10 18 740,52 13329,36 
TOTAL 97275,01 
10.1.4. Reactors 
This part includes all the reactors andponds costs. The reactors are expected to have a long shelf life of 
approximately 10 years.  
Table 27. Reactors costs 
Reactors 
Material Characteristics Quantity unit price (€/kg) Total price (€) 
3L vertical column PBR Methacrylate 4 175 700 
30L Photobioreactor Methacrylate 1 116 116 
3L Vertical column PBR lamp 
Flexo Sobremesa Blanco 
Junior + 2 Halogen bulbs 
8 42,54 340,32 
30L Photobioreactor Lamp  1 146 146 
High rate algae ponds  1 455 455 
TOTAL 1757,32 
10.2. Human resources 
The human resources consider that in order to realize this project 1 project manager, 1 technical 
engineer and 1 laboratory technician are needed. The costs of hire those employees have been 
provided by GEMMA group administration.   Finally, in order to compute the budget required for 
human resources during the seven month that the project last the following computation should be 
done: 
𝑃𝑒𝑟𝑠𝑜𝑛𝑎𝑙 𝑐𝑜𝑠𝑡𝑠 [€] =  𝑃𝑒𝑟𝑠𝑜𝑛𝑎𝑙 𝑐𝑜𝑠𝑡𝑠 [
€
ℎ
] · 𝐷𝑒𝑑𝑖𝑐𝑎𝑡𝑖𝑜𝑛[ℎ · 𝑝𝑒𝑟𝑠𝑜𝑛] 
(Eq. 29) 
Table 28. Personal costs 
Human resources 
Position Personal costs (€/h) Human resources (Hours·person) Personal costs (€) 
Technical engineer 10 800 8000 
Project manager 48 10 480 
Laboratory 
technician 
26 320 8320 
TOTAL 16800 
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10.3. Water resources 
In this part the water costs resulting from the use of water for the analysis and reactor refrigeration 
and material cleaning has been considered. Two different types of water has been used, tap and 
deionized water. The water quantity used comes from considering 12L of tap water used every day for 
the reactor refrigeration and material cleaning and 3L of deionized water daily used for the analysis 
and material cleaning.  
Table 29. Water costs 
 
 
 
10.4. Energetic costs 
The energetic costs has been computed by considering the hours that each equipment has been in use 
during the seven month of the project, the power that each equipment consume and the electrical 
energy price. In this case considering that all the equipment can be connected at the same time the 
power that should be contracted is 8,12 kW. The price of the kWh found for this contracted power is  
0,124 €/kWh (http://bit.ly/2qeRDmv). So, the formula used to compute the energetic costs is the 
following one: 
𝐸𝑛𝑒𝑟𝑔𝑒𝑡𝑖𝑐 𝑐𝑜𝑠𝑡𝑠 [€] = 0,139 [
€
𝑘𝑊ℎ
 ] ·  𝐸𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 𝑝𝑜𝑤𝑒𝑟 [𝑘𝑊] · ℎ𝑜𝑢𝑟𝑠 𝑖𝑛 𝑢𝑠𝑒 [ℎ] (Eq. 30) 
 
Table 30. Energetic costs 
Energetic costs 
Material Characteritics Quantity in use hours (h) Power (W) Costs (€) 
Microscope Motic™ BA310  1 70 50 W 0,43 
Fluorescence Microscope OXION OX.3067 1 28 100 W 0,34 
Agitator 
Model AGE 4 5300 40 W 26,29 
130 x 30 x 65 mm 2 280 5 W 0,17 
Digester  1 280 400 W 13,89 
Water costs 
Water Water quantity used (L) Water cost (€/L) Total Costs (€) 
Tap water 1680 0,003 4,8 
Deionized water 420 0,4 168 
TOTAL 172,8 
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Anion chromatograph Dionex ICS 1500 IC 1 700 1100 W 95,48 
gas chromatograph 
G4350A AGILENT 
7820A GC SYSTEM 
1 800 1500 W 148,8 
TOC analyser 
multi N/C® 
2100/2100 S 
1 420 1000 W 52,08 
Polytron 
KINEMATICA 
2500E 
Homogenizer 
1 14 500 W 0,87 
Oven 
Memmert UN160 
400 x 560 720mm 
1 5300 22 W 14,46 
Muffle Thermolyne 2,1L 1 42 1520 W 7,92 
pH controller 
Hanna 
Instruments 
4 5300 100 W 65,72 
Centrifuge 
Sorvall™ ST 8  4 x 
145mL  
1 42 310 W 1,61 
Computer 
Lenovo Ideapad 
IP700-15ISK 
5 800 500 W 49,60 
Spectrophotometer  1 190 30 W 0,71 
Analytic Balance Max 210g 1 14 4 W 0,07 
Peristaltic bombe 
Fisherbrand™ FH1
0 
18 98 250 W 3,04 
Halogen bulb  8 3600 60 W 26,78 
Fluorescent bulb  8 1120 36 W 4,99 
Reactor bulb  1 2600 600 W 193,44 
TOTAL 706,64 
10.5. Total costs 
Finally, with the shelf life of each of the categories the amortization of those equipment for 7 month 
has been computed. In Table 31 there is a summary of the total costs for each of the categories after 
taking into account the amortizations: 
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Table 31. Summary of the total cost for each category 
 
Category Costs [€] 
Fungibles 1131,66 
Reagents 942,65 
Laboratory 
equipment 
5674,38 
reactors 102,51 
Human resources 16800 
Water costs 172,82 
Energetic costs 706,64 
TOTAL 25530,66 
 
In Table 30 it can be seen that the total quantity budget is 25530,66€. Figure 57 shows that a 65,8% of 
the budget is destinated to human resources and a 22,2% to laboratory equipment. The other costs 
are much less important.  
Figure 56. Distribution of the costs 
4,4%
3,7%
22,2%
0,4%
65,8%
0,7%
2,8%
Fungibles
Reagents
Laboratory equipment
reactors
Human resources
Water costs
Energetic costs
Figure 57. Distribution of the costs 
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Annex 1: Numeric results 
A1.1. 30L Photobioreactor 
Table 32. Turbidity, dissolved oxygen and pH results 
Day 
PBR 
Turbidity OD pH 
[-] [UNT] [mg/L] [-] 
1 52 7,88 7,77 
3 48 10,60 7,79 
4 60 14,40 8,10 
7 76 11,35 7,69 
8 197 8,80 7,81 
9 152 11,60 7,92 
10 185 7,10 7,20 
11 192 8,02 7,54 
14 167 9,10 7,46 
15 127 8,10 7,80 
16 199 8,34 7,96 
17 223 8,70 7,80 
18 308 9,80 7,72 
21 212 8,48 7,74 
23 271 6,60 7,73 
24 364 7,20 7,49 
25 357 7,58 7,65 
28 332 7,66 7,46 
29 360 7,76 7,69 
30 558 8,38 7,69 
31 414 9,45 7,80 
32 511 7,68 7,44 
35 360 7,80 7,47 
36 341 8,86 7,30 
37 338 6,80 7,46 
39 291 7,83 7,40 
42 423 6,40 7,03 
43 296 12,33 7,49 
44 355 9,38 7,44 
45 375 9,32 7,55 
46 - 10,80 7,64 
49 362 10,69 7,56 
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50 433 3,71 8,25 
51 981 13,65 7,79 
52 795 8,14 7,40 
53 459 9,88 7,50 
91 362 -- 7,62 
92 763 -- 7,62 
93 714 7,32 7,64 
94 401 7,61 8,62 
95 472 8,95 8,12 
98 369 7,42 7,84 
99 319 8,81 8,22 
100 473 9,68 8,21 
101 407 -- 8,24 
102 411 8,19 9,99 
105 340 10,35 9,57 
106 434 9,94 9,21 
107 367 9,57 8,12 
108 -- 9,21 7,90 
109 379 8,18 8,12 
112 367 7,07 7,95 
113 -- -- 8,19 
114 358 8,15 8,05 
115 504 8,03 -- 
116 469 7,91 8,00 
119 347 8,48 8,63 
120 382 8,40 9,66 
121 419 8,41 9,54 
122 350 8,57 8,57 
123 294 8,31 9,80 
126 314 8,10 8,10 
127 -- 8,13 9,02 
128 313 8,28 9,26 
129 331 8,05 8,89 
130 678 7,70 6,86 
133 -- 8,53 8,53 
134 556 7,93 7,93 
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Table 33. Total and volatile suspended solids results 
Day 
Reactor feed PBR 
TSS VSS TSS VSS 
[-] [g/L] [g/L] [g/L] [g/L] 
1 0,259 0,196 0,068 0,072 
8 0,285 0,235 0,327 0,308 
15 0,412 0,328 0,317 0,283 
23 0,436 0,337 0,311 0,261 
29 0,459 0,379 0,817 0,640 
36 0,595 0,495 0,411 0,337 
45 0,396 0,341 0,348 0,309 
51 0,508 0,416 1,105 0,857 
93 0,515 0,413 0,643 0,541 
107 0,375 0,416 0,367 0,300 
115 0,311 0,273 0,782 0,609 
120 0,361 0,283 0,359 0,280 
122 0,291 0,256 0,448 0,361 
 
Table 34. Chlorophyll results 
Day Date 
PBR 
    A664 A647 A630 Va Vm Ca Ca mean 
[-] [-] [nm] [nm] [nm] [nm] [nm] [nm] [nm] [mL] [mL] [mg/L] [mg/L] 
1 11/10/2016 
0,024 0,121 0,070 0,059 0,097 0,046 0,062 5 6,9 0,778 
0,682 
0,025 0,105 0,082 0,060 0,080 0,057 0,045 5 7,3 0,587 
9 19/10/2016 
0,010 0,286 0,113 0,071 0,276 0,103 0,215 5 6,7 2,310 
2,094 
0,011 0,242 0,096 0,061 0,231 0,085 0,181 5 6,9 1,878 
16 26/10/2016 
0,001 0,126 0,042 0,031 0,125 0,041 0,095 5 6,6 1,069 
0,973 
0,001 0,113 0,038 0,029 0,112 0,037 0,084 5 7,2 0,877 
23 02/11/2016 
-0,010 0,094 0,028 0,020 0,104 0,038 0,074 5 6,9 0,846 
0,581 
0,050 0,090 0,034 0,026 0,040 -0,016 0,064 5 7,8 0,316 
28 07/11/2016 
-0,030 0,155 0,048 0,031 0,185 0,078 0,124 5 7,4 1,393 
1,335 
-0,040 0,133 0,042 0,027 0,173 0,082 0,106 5 7,5 1,277 
29 08/11/2016 
0,003 0,259 0,080 0,050 0,256 0,077 0,209 5 7,4 1,958 
2,177 
0,005 0,276 0,087 0,053 0,271 0,082 0,223 5 6,4 2,396 
36 15/11/2016 
-0,002 0,174 0,053 0,032 0,176 0,055 0,142 5 7,2 1,382 
1,437 
-0,002 0,196 0,060 0,035 0,198 0,062 0,161 5 7,5 1,492 
45 24/11/2016 
-0,092 0,009 -0,060 -0,061 0,101 0,032 0,070 5 7,3 0,782 
0,869 
-0,097 0,023 -0,060 -0,070 0,120 0,037 0,093 5 7,1 0,956 
51 30/11/2016 
-0,005 0,367 0,105 0,060 0,372 0,110 0,307 5 7,3 2,886 
3,322 
-0,003 0,448 0,130 0,073 0,451 0,133 0,375 5 6,8 3,757 
93 11/01/2017 0,000 0,173 0,052 0,036 0,173 0,052 0,137 5 6,9 1,420 1,319 
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0,001 0,162 0,047 0,033 0,161 0,046 0,129 5 7,5 1,218  
100 18/01/2017 
-0,009 0,193 0,066 0,048 0,202 0,075 0,145 5 6,4 1,771 
1,652 
-0,056 0,135 0,013 0,002 0,191 0,069 0,133 5 7 1,533 
107 25/01/2017 
0,001 0,123 0,031 0,023 0,122 0,030 0,100 5 6,6 1,054 
0,957 
0,003 0,108 0,025 0,016 0,105 0,022 0,092 5 7 0,859  
 
Table 35. Alkalinity results 
Day Reactor feed PBR 
[-] [mg/L] [mg/L] 
1 216 65 
3 184 80 
8 178 151 
10 182 151 
15 196 154 
17 192 159 
23 214 150 
25 224 147 
29 227,8 176 
31 244 158 
36 248 116 
43 226 234 
44 84 219 
45 120 199 
50 800 407 
52 90 370 
92 202 220 
94 202 180 
99 310 164 
101 302 160 
106 298 174 
108 290 181 
113 290 181 
115 292 185 
118 274 192 
120 252 205 
125 280 194 
127 264 182 
132 276 206 
136 282 179 
142 258 148 
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Table 36. Ammonia results 
Day Date 
Pond effluent Reactor feed PBR 
abs F D Ammonia abs FD Ammonia abs FD Ammonia 
[-] [-] [-] [-] [mg/L] [-] [-] [mg/L] [-] [-] [mg/L] 
1 11/10/2016 0,115 1 0,129 0,044 50 2,229 0,343 1 0,402 
8 18/10/2016 0,129 1 0,146 0,069 50 3,723 0,019 1 0,015 
11 21/10/2016 0,089 1 0,098 0,073 50 3,962 0,104 1 0,116 
15 25/10/2016 0,089 1 0,098 0,105 50 5,874 0,042 1 0,042 
17 27/10/2016 0,126 1 0,143 0,082 50 4,500 0,031 1 0,029 
23 02/11/2016 0,059 1 0,063 0,122 50 6,890 0,312 1 0,365 
25 04/11/2016 0,138 1 0,157 0,162 50 9,280 0,056 1 0,059 
29 08/11/2016 0,629 1 0,744 0,100 50 5,575 0,074 1 0,080 
31 10/11/2016 0,134 1 0,152 0,137 50 7,786 0,157 1 0,180 
36 15/11/2016       0,151 50 8,622 0,209 1 0,242 
39 18/11/2016       0,092 50 5,097 0,030 5 0,139 
43 22/11/2016       0,142 50 8,085 0,142 1 0,162 
45 24/11/2016       0,122 50 6,890 0,090 1 0,100 
52 01/12/2016       0,109 50 6,113 0,223 1 0,258 
101 19/01/2017       0,236 51 13,975 0,064 2 0,137 
 
Table 37. Anions results 
Pond 
Nitrites [NO2-] N- NO2- 
Nitrates 
[NO3-] 
N- NO3- 
Orthophosphates 
[PO43-] 
P- PO43- 
[mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] 
11,109 3,381 72,759 16,429 4,371 1,425 
5,855 1,782 65,570 14,806 3,381 1,103 
3,248 0,989 64,908 14,657 0,000 0,000 
4,684 1,426 77,842 17,577 3,418 1,115 
2,832 0,862 69,023 15,586 2,548 0,831 
2,292 0,698 76,124 17,189 4,389 1,431 
2,020 0,615 97,294 21,970 4,023 1,312 
3,796 1,155 91,246 20,604 5,388 1,757 
2,478 0,754 75,172 16,974 7,201 2,348 
3,850 1,172 148,674 33,572 7,450 2,429 
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Day 
Reactor feed 
Nitrites [NO2-] N- NO2- 
Nitrates 
[NO3-] 
N- NO3- 
Orthophosphates 
[PO43-] 
P- PO43- 
[-] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] 
1 5,486 1,670 67,551 15,253 2,140 0,698 
3 5,486 1,670 30,250 6,831 6,951 2,267 
8 4,233 1,288 70,804 15,988 2,970 0,969 
15 3,053 0,929 64,567 14,580 3,826 1,248 
17 3,687 1,122 65,384 14,764 2,118 0,691 
24 2,147 0,653 66,197 14,948 3,248 1,059 
31 2,502 0,761 102,329 23,107 4,928 1,607 
36 3,602 1,096 112,683 25,445 6,736 2,197 
43 5,070 1,543 122,565 27,676 6,145 2,004 
101 0,000 0,000 62,840 14,190 5,605 1,828 
134 5,186 1,578 70,340 15,883 6,121 1,996 
 
 
 
 
 
Day 
PBR 
Nitrites [NO2-] N- NO2- 
Nitrates 
[NO3-] 
N- NO3- 
Orthophosphates 
[PO43-] 
P- PO43- 
[-] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] 
1 2,162 0,658 12,930 2,920 0,000 0,000 
3 0,000 0,000 22,202 5,013 2,064 0,673 
8 1,473 0,448 11,407 2,576 0,000 0,000 
17 1,548 0,471 10,241 2,312 0,000 0,000 
24 5,006 1,524 34,360 7,759 2,218 0,723 
31 1,682 0,512 72,400 16,348 3,383 1,103 
36 2,711 0,825 65,919 14,885 2,982 0,972 
43 2,534 0,771 57,849 13,063 4,332 1,413 
101 0,000 0,000 62,624 14,141 0,000 0,000 
134 5,316 1,618 37,041 8,364 0,000 0,000 
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A1.2. 3L Vertical cylinder reactors 
A1.2.1.   Optimal nutrients and light conditions for PHB and carbohydrates accumulation 
Table 38. Dissolved oxygen results 
 12h light 24h light 
 N-limited P-limited N-limited P-limited 
Day DO DO DO DO 
[-] [mg/L] [mg/L] [mg/L] [mg/L] 
1 6,63 6,68 7,60 7,63 
2 7,00 7,48 8,12 9,12 
3 6,50 7,20 4,83 8,81 
4 6,24 6,38 7,28 9,74 
5 5,63 6,21 7,07 7,14 
8 5,34 6,19 6,73 6,46 
9 5,99 6,50 7,35 8,86 
10 5,90 6,60 9,57 6,56 
11 6,06 6,61 6,92 5,97 
12 6,17 5,80 6,14 9,61 
15 6,54 6,53 6,19 3,72 
Mean 6,18 6,56 7,07 7,60 
interval 0,28 0,27 0,71 1,09 
 
Table 39. Total and volatile suspended solids results12h light experiments 
 
 
 
 
 
 
 
 
 
12h light 
Day 
N-limited P-Limited 
TSS VSS TSS VSS 
[-] [g/L] [g/L] [g/L] [g/L] 
1 0,445 0,323 0,387 0,343 
3 0,571 0,544 0,676 0,648 
5 0,718 0,664 0,683 0,659 
8 0,738 0,696 0,857 0,804 
12 1,121 0,947 1,201 1,182 
15 0,829 0,762 1,328 1,226 
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Table 40. Total and volatile suspended solids results 24h light experiments 
24h light 
Day 
N-limited P-Limited 
TSS VSS TSS VSS 
[-] [g/L] [g/L] [g/L] [g/L] 
1 0,422 0,355 0,422 0,355 
3 0,843 0,722 0,846 0,726 
5 0,763 0,752 0,928 0,834 
8 1,023 0,971 1,835 1,628 
10 0,951 0,856 1,586 1,409 
12 0,971 0,905 1,439 1,286 
15 0,946 0,865 1,436 1,384 
 
Table 41. TOC results  
12h light 
Day 
N-limited P-limited 
TOC TOC 
[-] [mg/L] [mg/L] 
1 79,58 78,08 
3 41,56 57,64 
5 65,53 117,80 
7 77,47 146,95 
9 129,80 216,41 
12 191,37 293,38 
15 167,71 331,16 
 
 
 
 
 
 
 
 
 
 
 
 
24h light 
Day 
N-limited P-limited 
TOC TOC 
[-] [mg/L] [mg/L] 
1 86,31 94,54 
3 172,37 153,41 
5 197,55 215,62 
9 245,50 408,14 
10 231,37 377,25 
12 211,00 404,28 
15 203,75 368,13 
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Table 42. Inorganic Carbon results 12h light experiment 
 
 
Table 43. Inorganic Carbon results 24h light experiments 
24h light 
Day Date 
N-limited P-limited 
IC IC 
[-] [-] [mg/L] [mg/L] 
1 16/01/2017 38,07 40,88 
1,01 16/01/2017 138,07 140,88 
2 17/01/2017 0,29 1,51 
2,01 17/01/2017 150,29 151,51 
3 18/01/2017 8,78 10,83 
3,01 18/01/2017 158,78 160,83 
4 19/01/2017 19,46 17,80 
12h light 
  Day Date 
N-limited P-limited 
IC IC 
[-] [-] [mg/L] [mg/L] 
1 30/01/2017 3,40 2,78 
1,01 30/01/2017 153,40 152,78 
1,5 30/01/2017 72,02 79,63 
2 31/01/2017 73,88 75,65 
2,01 31/01/2017 223,88 225,65 
2,5 31/01/2017 92,53 107,21 
3 01/02/2017 102,50 98,96 
3,01 01/02/2017 252,50 248,96 
3,5 01/02/2017 158,94 177,51 
4 02/02/2017 174,50 158,60 
4,01 02/02/2017 324,50 308,60 
4,5 02/02/2017 231,55 204,02 
5 03/02/2017 220,90 191,50 
5,5 03/02/2017 178,32 147,26 
7,5 05/02/2017 80,51 41,08 
8 06/02/2017 120,90 89,63 
9 07/02/2017 82,25 23,88 
10 08/02/2017 66,38 66,37 
11 09/02/2017 41,96 23,46 
12 10/02/2017 31,19 0,00 
12,01 10/02/2017 131,19 100,00 
12,5 10/02/2017 76,30 50,00 
15 13/02/2017 68,29 22,62 
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4,01 19/01/2017 169,46 167,80 
5 20/01/2017 39,07 63,83 
5,01 20/01/2017 189,07 213,83 
6 21/01/2017 48,83 26,14 
6,01 21/01/2017 198,83 176,14 
8 23/01/2017 186,70 39,64 
8,01 23/01/2017 186,70 189,64 
9 24/01/2017 126,90 14,92 
9,01 24/01/2017 126,90 164,92 
10 25/01/2017 122,50 40,24 
10,01 25/01/2017 122,50 190,24 
11 26/01/2017 97,87 77,05 
11,01 26/01/2017 247,87 227,05 
12 27/01/2017 179,40 117,90 
12,01 27/01/2017 179,40 267,90 
15 30/01/2017 99,99 107,40 
 
Table 44. Carbohydrates results 
24h light 
Day 
N-limited P-limited 
mg/L mg/L 
1 70,44 95,93 
2 118,86 127,58 
3 203,92 166,33 
4 175,62 134,89 
5 131,27 214,41 
6 374,40 386,81 
8 641,31 552,07 
9 464,72 496,49 
10 335,99 472,93 
11 386,03 479,51 
12 391,03 662,38 
15 463,11 585,27 
 
 
 
12h light 
 Day 
N-limited P-limited 
mg/L mg/L 
1 26,018 30,483 
1,5 76,576 47,308 
2 196,084 86,551 
2,5 135,725 109,795 
3 115,377 66,862 
3,5 135,236 64,134 
4 144,668 114,689 
4,5 289,991 124,345 
5 249,408 112,236 
5,5 375,600 124,978 
7 338,846 156,156 
8 371,633 120,999 
9 348,670 169,944 
10 472,091 163,119 
11 595,917 127,137 
12 838,056 432,131 
15 430,112 321,478 
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Table 45. PHB results 
24h light 
Day 
N-limited P-limited 
mg/L mg/L 
1 24,308 23,712 
2 32,966 39,224 
3 45,745 38,555 
4 32,516 51,040 
5 29,882 34,674 
8 40,590 104,234 
9 51,635 90,145 
10 47,121 68,564 
11 46,088 72,447 
12 51,187 64,147 
15 49,953 66,351 
  
 
 
A1.2.2. Selection of Cyanobacteria 
Table 46. Volatile and total suspended solids results 
Day 
Continue Semi-Continue SBR1 SBR1 
TSS VSS TSS VSS TSS VSS TSS VSS 
[-] [g/L] [g/L] [g/L] [g/L] [g/L] [g/L] [g/L] [g/L] 
1 0,267 0,207 0,267 0,207 0,267 0,207 0,267 0,207 
3 0,341 0,241 0,373 0,269 0,383 0,273 0,488 0,337 
6 0,403 0,315 0,279 0,175 0,175 0,129 0,297 0,219 
8 0,389 0,229 0,360 0,315 0,445 0,400 0,843 0,596 
10 0,256 0,212 0,451 0,425 0,660 0,513 0,708 0,624 
13 0,133 0,193 0,312 0,388 0,693 0,204 0,626 0,652 
15 0,220 0,215 0,452 0,404 0,891 0,620 0,644 0,500 
17 0,301 0,259 0,521 0,451 1,021 0,785 0,776 0,584 
20 0,428 0,357 0,548 0,459 0,959 0,749 0,636 0,504 
22 0,589 0,299 0,421 0,376 0,960 0,781 0,551 0,477 
24 0,333 0,295 0,551 0,407 1,049 0,792 0,712 0,557 
27 0,336 0,303 0,551 0,443 1,213 0,913 0,500 0,435 
29 0,675 0,615 0,476 0,417 0,996 0,691 0,645 0,511 
  
12h light 
Day 
N-limited P-limited 
mg/L mg/L 
1 12,304 16,346 
2 18,312 22,460 
2,5 27,855 29,277 
3 29,932 30,499 
3,5 27,874 25,202 
4 29,875 27,308 
4,5 28,677 32,015 
5 34,427 26,906 
5,5 30,970 23,679 
7 29,278 31,275 
8 41,590 29,443 
9 48,911 47,198 
10 41,253 42,627 
11 52,501 46,341 
12 61,614 64,584 
15 55,957 76,361 
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Table 47. Chlorophyll results 
 Continue Semi-Continue SBR1 SBR2 
Day [mg/L] [mg/L] [mg/L] [mg/L] 
1 0,633 0,633 0,633 0,633 
3 0,520 0,718 0,741 0,859 
5 0,279 - 0,269 0,151 
7 0,529 0,613 0,619 1,051 
10 0,255 0,533 0,977 0,965 
13 0,388 0,775 1,045 0,947 
15 0,381 0,361 1,347 1,053 
20 0,125 0,406 1,322 0,560 
22 0,174 0,456 1,889 0,962 
27 0,422 0,727 2,501 0,876 
30 0,813 0,754 2,819 1,066 
 
Table 48. Anions results 
Day 
Continuous 
Nitrites 
[NO2-] 
N- NO2- 
Nitrates 
[NO3-] 
N- NO3- 
Orthophosphates 
[PO43-] 
P- PO43- 
[-] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] 
1 14,679 4,468 22,185 5,010 0,000 0,000 
3 9,934 3,023 49,071 11,081 0,000 0,000 
6 16,932 5,153 54,863 12,388 0,000 0,000 
8 17,900 5,448 56,081 12,663 0,000 0,000 
10 2,169 0,660 30,112 6,799 11,482 3,744 
17 6,868 2,090 23,947 5,407 0,000 0,000 
20 15,060 4,583 22,403 5,059 0,000 0,000 
21 15,869 4,830 24,754 5,590 -- -- 
24 22,479 6,841 34,977 7,898 8,074 2,633 
27 15,469 4,708 30,408 6,866 5,974 1,948 
32 0,000 0,000 32,010 7,228 5,254 1,713 
Day 
Semi-continuous 
Nitrites 
[NO2-] 
N- NO2- 
Nitrates 
[NO3-] 
N- NO3- 
Orthophosphates 
[PO43-] 
P- PO43- 
[-] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] 
1 14,679 4,468 22,185 5,010 0 0,000 
3 12,785 3,891 55,723 12,583 0 0,000 
6 23,928 7,282 81,706 18,450 5,899 1,924 
8 21,869 6,656 101,704 22,965 0 0,000 
10 3,788 1,153 88,592 20,005 0 0,000 
17 37,525 11,421 0,000 0,000  0,000 0,000 
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20 10,718 3,262 40,427 9,129 5,176 1,688 
21 9,402 2,861 52,726 11,906 7,594 2,476 
24 5,83 1,773 44,00 9,936 6,59 2,149 
27 0,00 0,000 47,62 10,754 6,25 2,037 
32 5,66 1,722 39,78 8,983 7,55 2,461 
Day 
SBR 1 
Nitrites 
[NO2-] 
N- NO2- 
Nitrates 
[NO3-] 
N- NO3- 
Orthophosphates 
[PO43-] 
P- PO43- 
[-] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] 
1 14,679 4,468 22,185 5,010 0,000 0,000 
3 9,260 2,818 68,759 15,526 0,000 0,000 
6 50,759 15,448 63,565 14,353 0,000 0,000 
8 0,000 0,000 0,000 0,000 0,000 0,000 
10 0,000 0,000 0,000 0,000 0,000 0,000 
17 21,399 6,513 33,469 7,558 11,101 3,620 
20 15,764 4,798 53,820 12,153  0,000 0,000 
21 12,496 3,803 45,969 10,380 6,068 1,979 
24 18,607 5,663 42,468 9,590 6,627 2,161 
27 6,084 1,852 71,389 16,120 7,357 2,399 
32 0,000 0,000 27,320 6,169 4,905 1,600 
Day 
SBR 2 
Nitrites 
[NO2-] 
N- NO2- 
Nitrates 
[NO3-] 
N- NO3- 
Orthophosphates 
[PO43-] 
P- PO43- 
[-] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] 
1 14,679 4,468 22,185 5,010 0,000 0,000 
3 10,124 3,081 77,607 17,524 0,000 0,000 
6 54,811 16,682 54,445 12,294 3,806 1,241 
8 0,000 0,000 0,000 0,000 0,000 0,000 
10 0,000 0,000 0,000 0,000 0,000 0,000 
17 35,014 10,656 53,736 12,134 0,000 0,000 
20 4,552 1,385 85,971 19,413 3,830 1,249 
21 12,496 3,803 45,969 10,380 6,068 1,979 
24 14,800 4,504 44,600 10,071 6,230 2,032 
27 16,771 5,104 42,227 9,535 6,166 2,011 
32 23,459 27,731 91,117 20,575 6,471 2,110 
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Table 49. Total Ammoniacal nitrogen results 
Day Continue Semi-Continue SBR1 SBR2 
[-] [mg/L] [mg/L] [mg/L] [mg/L] 
1 1,390 1,390 1,390 1,390 
3 3,505 8,249 7,496 4,796 
6 5,887 0,697 5,489 1,872 
8 1,521 0,470 2,979 0,075 
10 4,640 0,948 0,016 0,016 
17 2,860 0,587 9,540 2,024 
20 6,433 0,784 0,099 0,267 
21 17,498 2,908 11,607 11,368 
24 0,105 2,322 1,987 2,728 
27 15,336 13,256 0,207 4,401 
32 0,434 13,447 0,002 2,095 
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Table 50. TOC, IC, TC, TN total 
Day 
Continuo Semi-Continuo SBR1 SBR2 
TOC IC TC TN TOC IC TC TN TOC IC TC TN TOC IC TC TN 
[-] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] 
2 125,40 21,98 147,40 47,89 155,50 24,12 179,60 54,19 161,80 30,08 191,90 56,09 184,80 33,36 218,10 61,83 
7 280,90 39,60 320,50 54,13 368,80 7,39 376,20 72,11 275,70 84,20 359,90 78,11 366,90 71,28 438,20 84,98 
9 275,60 25,07 300,60 4,98 378,40 35,17 413,60 67,51 373,20 33,27 406,50 81,42 443,20 34,95 478,20 85,18 
14 284,10 17,00 301,10 48,61 391,70 19,79 411,50 70,66 450,10 37,27 487,40 87,61 465,30 30,88 496,20 91,01 
16 274,70 6,03 280,70 46,40 363,00 16,75 379,80 60,68 403,40 95,47 498,80 94,16 390,90 105,00 495,90 87,73 
22 318,00 14,83 332,80 59,70 393,80 24,60 418,40 66,70 434,10 52,86 487,00 113,10 42,66 66,64 489,20 86,30 
29 356,70 13,97 370,70 54,87 418,40 11,82 430,20 58,13 407,60 36,38 444,00 104,10 441,60 45,61 487,20 83,40 
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Table 51. TOC, IC, TC, TN soluble 
Day 
Continuo Semi-Continuo SBR1 SBR2 
TOC IC TC TN TOC IC TC TN TOC IC TC TN TOC IC TC TN 
[-] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] 
2 20,00 26,21 46,21 35,35 21,38 21,23 42,61 35,22 23,34 23,48 46,81 31,41 24,40 26,43 50,83 35,69 
7 71,52 39,68 111,20 32,63 48,15 5,84 53,99 45,63 119,00 73,91 192,90 57,16 65,21 59,24 124,40 57,49 
8 57,72 30,93 88,65 25,62 47,71 169,42 67,13 43,22 83,72 50,52 134,24 54,40 62,62 42,58 106,67 56,28 
9 43,92 22,18 66,10 18,61 47,26 33,00 80,27 40,81 48,44 27,13 75,57 51,63 60,03 25,91 88,94 55,06 
13 46,12 20,72 66,84 20,39 43,88 75,36 69,25 36,62 44,50 27,52 72,02 47,54 50,03 24,55 76,08 51,81 
14 48,32 19,26 67,58 22,17 40,50 17,72 58,22 32,42 40,56 27,90 68,47 43,44 40,03 23,18 63,21 48,55 
15 50,33 62,32 62,64 22,55 41,49 66,70 58,18 31,49 48,47 103,16 101,64 41,27 45,78 105,79 101,56 48,95 
16 52,33 5,37 57,70 22,92 42,47 15,67 58,14 30,56 56,37 78,42 134,80 39,09 51,53 88,40 139,90 49,34 
17 51,36 73,73 75,09 26,22 48,11 65,79 63,89 30,93 54,16 53,49 107,66 37,72 54,18 76,46 130,60 46,92 
20 50,39 42,09 92,48 29,51 53,74 15,90 69,64 31,30 51,95 28,56 80,51 36,34 56,83 64,51 121,30 44,50 
22 61,42 14,25 75,67 28,13 62,08 19,20 81,28 29,43 42,32 41,95 84,27 33,41 45,04 55,23 100,30 46,51 
23 51,37 59,03 60,40 25,16 57,02 63,37 70,39 27,92 45,84 31,88 77,71 33,07 45,07 49,65 94,73 40,65 
27 41,31 3,81 45,12 22,18 51,95 7,53 59,49 26,41 49,35 21,81 71,15 32,72 45,10 44,06 89,16 34,78 
29 63,37 13,16 76,54 20,14 52,05 10,76 62,81 22,46 48,93 28,21 77,14 34,45 47,79 36,93 84,72 38,55 
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Table 52. PHBs results 
Day Continue 
Semi-
Continue 
SBR1 SBR2 
[-] [mg/L] [mg/L] [mg/L] [mg/L] 
1 0,781 1,147 0,757 0,512 
2 1,035 0,713 1,202 0,603 
7 1,523 1,092 1,135 2,181 
9 1,589 1,321 2,092 2,257 
14 0,461 1,667 4,440 1,278 
17 0,567 0,859 6,590 1,881 
21 2,035 2,290 2,259 1,394 
23 1,497 1,173 2,259 1,316 
28 1,207 0,987 2,766 1,303 
30 1,814 1,275 2,611 1,352 
   
Table 53. Carbohydrates results 
Day Continue 
Semi-
Continue 
SBR1 SBR2 
[-] [mg/L] [mg/L] [mg/L] [mg/L] 
1 30,468 34,377 25,577 23,915 
2 28,326 33,199 23,397 41,128 
7 78,773 39,746 32,192 53,651 
9 48,452 58,475 90,792 123,906 
14 17,461 41,838 101,891 42,124 
17 24,356 62,973 140,404 63,237 
21 57,005 43,921 121,940 53,254 
23 72,872 53,398 112,521 73,957 
28 57,126 47,554 139,559 59,280 
30 57,826 44,667 79,965 51,169 
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Annex 2: Reactor plans 
A2.1 30L Photobioreactor 
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A2.2 3L Vertical cylinder reactors 
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Annex 3. Safety data sheets 
A3.1. BG11 Broth 
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A3.2. Potassium dichromate 
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A3.3. Sulphuric acid 
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A3.4. Silver sulphate 
 
 
Effect of nutrient limitation and light in the production of polyhydroxybutyrates and glycogen by cyanobacteria cultivated in 
wastewater   
  149 
 
 
 
  Annexos 
150   
 
 
 
Effect of nutrient limitation and light in the production of polyhydroxybutyrates and glycogen by cyanobacteria cultivated in 
wastewater   
  151 
 
  Annexos 
152   
 
 
 
 
 
 
 
 
 
 
Effect of nutrient limitation and light in the production of polyhydroxybutyrates and glycogen by cyanobacteria cultivated in 
wastewater   
  153 
 
 
  Annexos 
154   
 
Effect of nutrient limitation and light in the production of polyhydroxybutyrates and glycogen by cyanobacteria cultivated in 
wastewater   
  155 
A3.5. Chlorhydric acid 
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A3.6. Potassium dichromate 
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A3.7. Sodium Nitroprusside 
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A3.8. Sodium Citrate Dihydrated 
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A3.9. Sodium hydroxide 
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A3.10. Bleach 
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A3.11. Ammonia 
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A3.12. Heptadecane 
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A3.13. Chloroform 
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A3.14. Phenol 
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